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ABSTRACT

Alveolar macrophages attempt to control bacterial infection through a spectrum of
defense processes, including induction of apoptosis, autophagy, inflammatory response,
and nutrient sequestration. MicroRNAs (miRNAs), a class of small non-coding RNAs,
are involved in a spectrum of physiological processes, including immune response to
intracellular infections. However, whether microRNAs have any functions in host
response to Coxiella burnetii infection is unknown. Coxiella burnetii is a highly
infectious intracellular pathogen that causes Q fever, a zoonosis with a worldwide
occurrence. In this work, I investigated the functions of miRNAs in host response to C.
burnetii infection and found that miRNAs are an integral component of macrophages’
stage-specific response to C. burnetii infection, and inhibition of miR-143-3p likely
facilitates the pathogen’s intracellular growth. I also examined how different isolates of
C. burnetii impact host inflammatory responses, and using single-cell analysis discovered
that certain subpopulations of infected macrophages are likely more pathogen friendly
than others. Additionally, I determined that gallium-protoporphyrin IX (GaPPIX), a heme
analog, inhibits C. burnetii’s axenic and intracellular growth, and could potentially be
used as a therapeutic agent. Together, these results could contribute to the development
of novel miRNA- or GaPPIX-based therapeutic agents and could be applied to better

understand the virulence strategies of other intracellular pathogens.
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Chapter |

Introduction to Coxiella burnetii, host response, and microRNAs

I. Discovery of Coxiella burnetii

Coxiella burnetii is the etiological agent of Q (query) fever (1). This zoonotic disease can
manifest either as a self-limiting acute flu-like illness or as more serious chronic diseases
such as infective endocarditis or granulomatous hepatitis (2). Unlike acute infections that
may require 2-3 weeks of antibiotic treatment, chronic C. burnetii infections are very

difficult to treat and requires 1.5-3 years of combination antibiotic therapy (2).

Discovery

The first descriptions of Q fever were published in the late 1930s by Edward Derrick and
Macfarlane Burnet in Australia (3, 4). This illness was named Query fever due to its
unclear origin. Meanwhile, at the Rocky Mountain Laboratory (RML) in the United
States, Herald Cox and Gordon Davis identified a infectious agent that passed through
filters by feeding Dermacentor andersoni ticks on guinea pigs (5). The causal link
between this unidentified agent and Q fever was discovered serendipitously due to a
laboratory-acquired infection by this agent (6). Due to its “rickettsial nature” the
bacterium was initially placed in the order Rickettsiales. However, 16S rRNA analysis

later showed that the bacterium belonged to the order Legionallales and was hence placed



in the phylum Proteobacteria, class y-Proteobacteria, order Legionellales, family

Coxiellaceae, under the genus “Coxiella” and species “burnetii” (3, 7).

I1. Epidemiology and disease

C. burnetii has a worldwide geographical distribution and infects mammals (mainly
cattle, goats, and sheep), birds, reptiles, and arthropods (8). C. burnetii is typically
transmitted from animals to humans by aerosols derived from infected excreta and birth
products (9). In addition, ticks such as Dermacentor andersoni could serve as vectors for
transmission to human hosts (10). In contrast to most other intracellular pathogens, C.
burnetii is resistant to environmental stressors such as elevated temperature, osmotic
pressure, and ultraviolet radiation (11, 12). Due to its environmental stability, low aerosol
infectious dose (<10 bacteria can cause disease), and ability to cause influenza-like

illness, the CDC has classified Coxiella as a category B select agent (13).

Q fever typically remains undiagnosed due to its non-specific flu-like symptoms
that are common to many respiratory infections. One study suggests that the
seroprevalence of Q fever in the United States is ~3.1% higher than the cases reported to
the CDC (14). The largest reported outbreak of Q fever occurred between 2007-2010 in
the Netherlands (15). During this period, approximately 4,000 individuals contracted
acute Q fever, particularly in intensive goat farming areas. The outbreak was controlled
by vaccination and culling of more than 50,000 goats and sheep, but it highlighted the

need for effective diagnosis and treatment.



Diagnosis

The diagnosis of Q fever includes polymerase chain reaction (PCR) and serological
methods such as immunofluorescence assays (IFA), complement fixation test (CFT), and
enzyme-linked immunosorbent assay (ELISA) to assess immunoglobulin G (1gG) titer
(16). The immune response induces antibodies against C. burnetii phase I (virulent
reference isolate) or phase 11 (clonal derivative of phase I isolate) antigen, and elevated

phase | or phase Il 1gG titers indicate a Q fever infection (1).

Symptoms, treatment, and vaccine

Q fever is an acute febrile illness with flu-like symptoms such as high fever, headaches,
cough, and vomiting that may develop weeks after exposure (16). Almost half of the
infected individuals remain asymptomatic in primary infection. Acute infection can be
self-limiting or may require 2-3 weeks of doxycycline treatment (17). Acute infection has
been shown to present as pneumonia and hepatitis whereas chronic Q fever can present as
endocarditis, lymphadenitis, vascular and osteoarticular infections (16). It has been
hypothesized that chronic Q fever may occur due to the reactivation of bacteria from a
previous infection (18). Chronic infection is very difficult to treat and requires a
combination of doxycycline and hydroxychloroquine (1.5-3 years), or doxycycline and
fluoroquinolone (3-4 years) (19, 20). In addition, strains of C. burnetii resistant to
doxycycline have been reported and necessitate an effective therapeutic against this

pathogen (21). There is no approved Q fever vaccine in the United States, however, Q-



Vax, an inactivated whole-cell phase | strain of C. burnetii (Henzerling RSA334), is

licensed in Australia (22, 23).

I11. Bacteriology
C. burnetii is an obligate intracellular Gram-negative bacillus that has a biphasic lifestyle.
The environmentally stable small cell variant (SCV) form is less than 0.2 uM in size that
transitions into a metabolically active form known as large cell variant (LCV) within a
host cell (Figure 1) (24, 25). The genome of C. burnetii isolates ranges from 1.9 to 2.2
megabases (Mb) with a single plasmid or an integrated plasmid sequence within the
chromosome (26, 27). C. burnetii has a reduced genome rich in mobile elements and
genes encoding eukaryotic domain-containing proteins, suggesting that transition to its
intracellular lifestyle is a relatively recent event in its evolution (26).

Different isolates or strains of C. burnetii have been placed into eight groups (28—
31). Of these, notable isolates are: (1) Nine Mile RSA493 Phase | (NMI), a reference
isolate from group | that typically causes acute disease and contains the full length
lipopolysaccharide (LPS); (2) Nine Mile RSA439 Phase Il, clone 4 (NMII) is a clonal
derivative of NMI from group I with a truncated LPS that does not cause disease and is a
traditional lab strain of C. burnetii for use under biosafety level-2 conditions; (3) Graves
Phase 1/Q212 (Graves) is a group V isolate associated with chronic disease conditions
such as endocarditis; and (4) Dugway 7E9-12 (Dugway) is group VI isolate isolated from
rodents in Dugway, Utah that shows attenuated virulence in animal models.

The development of an axenic growth medium, termed acidified citrate cysteine

medium (ACCM) has transformed C. burnetii research (32). The doubling time of



exponential growing C. burnetii is 9.1 h under axenic conditions, which is ~2 h less than
its generation time in Vero cells (32). The currently known determinants of C. burnetii’s
virulence are LPS, a Dot/lcm type 1V secretion system (T4SS), and effector proteins
secreted through the T4SS (33). The unique LPS of this pathogen facilitates immune
evasion by shielding bacterial surface proteins from immune recognition by Toll-like
receptors (TLRs) (34, 35). However, after repeated passaging in eukaryotic cells, LPS
was shown to be truncated, lacking the terminal O antigen sugars, and was associated
with loss of the disease-causing ability in immunocompetent hosts (35). Although T4SS
facilitates the translocation of more that 100 effectors proteins into the host cytoplasm,
the functions of only a few of them have been characterized (36). Among these effectors,
AnkG, CaeA, CaeB are known to prevent host apoptosis, and Cig2, CvpF participates in
the manipulation of autophagy (37-42). CstK and AnkF contributes the establishment of
Coxiella-containing vacuole (CCV) (43, 44). IcaA inhibits the activation of host
inflammasome and NopA reduces the nuclear import of transcription factors involved in

the innate immune sensing of pathogens (45, 46).



Figure 1. Fluorescent micrograph of THP-1 cells infected with green-fluorescent
protein (GFP)-tagged Coxiella burnetii. The green color shows Coxiella burnetii
growing inside Coxiella-containing vacuole at 72 hours post-infection. The image was

taken at 400x magnification using FITC filter in a fluorescence microscope (Keyence).



IV. Intracellular life and host response

Shortly after uptake into eukaryotic cells, typically by alveolar macrophages, C. burnetii-
harboring phagosomes mature through a series of coordinated fusion events with
endolysosomal, autophagic, and secretory vesicles (Figure 2) (47). Initially, C. burnetii
binds to ayBs integrin and associated proteins that promote actin-dependent phagocytosis
(48-50). After internalization, the nascent CCV acquires markers EEA1 (early endosome
antigen 1) and small GTPase Rab5 (Ras-related protein Rab-5A) typical to normal
phagosomal development (33, 51-53). Rab5 elicits fusion of nascent phagosome with
early endosomes, resulting in acidification of nascent CCV to approximately pH 5.4 (33).
However, the nascent CCV also acquires autophagosomal marker LC3 (microtubule-
associated protein 1A/1B-light chain 3), which is dependent on bacterial protein synthesis
(53, 54). This nascent CCV matures through fusion and fission events with endosomes
resulting in the acquisition of proteins LAMP1 (lysosomal associated membrane protein
1) and Rab7 (Ras-related protein Rab-7A) and forming the early CCV. From 8 hours to 2
days post-internalization, the expansion of the early CCV occurs inside the host
cytoplasm, which is dependent on bacterial protein synthesis and acquisition of Rho-
GTPase, and Rab1B proteins to the CCV membrane. During this process, vacuolar
ATPase pumps protons into the maturing phagosome leading to decreased pH inside the
early CCV to about pH 5 (33). Some proteins such as Rho-GTPase, and Rab1B acquired
by the early CCV facilitate CCV maintenance and gain of additional membranes to create
the spacious mature CCV (51). The mature CCV (pH 4.5-5) further gets decorated with
additional proteins, including anti-apoptotic protein Bcl-2 that participates in the anti-

apoptotic activity of C. burnetii (55). Each CCV maturation stage is associated with



acquiring specific host proteins on the CCV membrane as shown in Table 1 (51). These
proteins belong to diverse host processes such as endolysosomal, autophagy, secretory,

and apoptosis signaling.
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Figure 2. Maturation of Coxiella-containing vacuole (CCV). C. burnetii (orange)
binds to avBs integrin that promotes phagocytosis to internalize the bacteria. Within 6
hours post-infection (hpi), the bacteria reside in nascent CCVs. Within 24 hpi, an early
CCV is formed after fusion with endosome, autophagosome, and lysosome. Here,
bacterial small cell variant (SCV) transitions into metabolically active large cell variant
(LCV) that secrete effector proteins through a type 4 secretion system (T4SS). This early
CCV subsequently expands in a T4SS-dependent manner through continuous fusion with
endosomes, autophagosomes, lysosomes, and acquires lipid droplets. Around 5-6 days
post-infection (dpi), LCV can switch to SCV to maintain both forms of bacteria. Each
CCV maturation stage is associated with acidification and the acquisition of specific host

proteins on the CCV membrane that support C. burnetii growth.



Table 1. CCV maturation stage and acquired host proteins

Stage® Acquired host proteins®

Nascent CCV LC3, p62, Beclin-1, EEAL, Rab5, NDP52, PI(3)P, VAMP-3,

VAMP-7, VAMP-8, Vtila, Vtilb, Synaptotagmin VII, Clathrin

Early CCV nascent CCV associated proteins and PS, LAMP1, LAMP2,
LAMP3, v-ATPase, Cathepsin D, Rab7, Rab1p, Rab24, RhoA,
VASP, HOPS, ORP1L, Flotillin 1, Flotillin 2, Galectin 3, Galectin

8

Late CCV early CCV associated proteins and mTORC1, Cathepsin B, Arl8,
p150, Arp3, WASH, FAM21, VPS35, Cortactin, Calnexin, Bad,

14-3-3p, Bcl-2, PKA, Syntaxin 8, Filipin

8CCV, Coxiella-containing vacuole

®LC3, microtubule-associated protein 1A/1B-light chain 3; p62, sequestosome 1; EEAL, early endosome
antigen 1; Rab5, Ras-related protein Rab-5A; NDP52, calcium binding and coiled-coil domain 2; PI(3)P,
phosphatidylinositol 3-phosphate; VAMP-3, vesicle associated membrane protein 3; Vtila, vesicle
transport through interaction with T-SNARESs 1A, PS, phosphatidylserine; LAMP1, lysosomal associated
membrane protein 1; RhoA, Ras homolog family member A; VASP, vasodilator stimulated
phosphoprotein; HOPS, homotypic fusion and protein-sorting; ORP1L, oxysterol binding protein like 1A;
mTORC1, mammalian target of rapamycin complex 1; Arl8, ADP-ribosylation factor-like protein 8; p150,
chromatin assembly factor 1 subunit A; Arp3, actin-related protein 3; WASH, Wiskott—Aldrich syndrome
protein; FAM21, WASH complex subunit FAM21; VPS35, VPS35 retromer complex component; Bad,

Bcl2-associated agonist of cell death; Bcl-2, B-cell lymphoma-2; PKA, protein kinase A.

10



Experimental models

The animal models useful to understanding the host immune response to C. burnetii
infection include guinea pigs, Galleria mellonella, Drosophila melanogaster, severe
combined immunodeficient (SCID) mice, and primates (rhesus and cynomolgus
macaques) (56-58). In ex vivo human lung tissue platforms, C. burnetii preferentially
replicates in human alveolar macrophage (hAMSs); and in vitro models such as epithelial,
fibroblast, trophoblast, macrophage, and endothelial cell lines and primary cells are also

reliable to model host-C. burnetii interactions (59-62).

Innate and adaptive immune responses

Both innate and adaptive arms of the host immune response respond to C. burnetii
infection. The LPS of C. burnetii subverts receptor-mediated phagocytosis by interfering
with the interplay between integrins, CR3 (complement receptor-3), actin remodeling,
and activating protein tyrosine kinases (35, 48). The LPS mediated interference results in
low internalization of the virulent strain compared to the avirulent C. burnetii, which
contains a truncated LPS (35). In addition, LPS of virulent strain is recognized by TLR4
(toll-like receptor 4), but unlike the avirulent strain, virulent C. burnetii LPS seems to
mask its recognition by TLR2. It has been predicted that virulent bacterial LPS breaks a
potential physical link between TLR-4 and TLR-2 that leads to inactivation of p38a
mitogen-activated protein kinase (MAPK) and reduced inflammatory response compared

to avirulent C. burnetii (34, 35).

11



Macrophage polarization likely plays a role in controlling C. burnetii replication,
and C. burnetii attempts to convert the proinflammatory M1 activation state to an atypical
anti-inflammatory M2 state associated with a hospitable environment (35). These
atypically polarized macrophages exhibit induced expression of M2 activation-related
genes (such as transforming growth factor-p1, IL-1 receptor antagonist, CCL18, the
mannose receptor, and arginase-1) as well as M1 activation-related genes (such as IL-6
and CXCLS8) (63). In acute Q fever, C. burnetii stimulates an M1 polarization in
monocytes that can control the infection (64). However, in macrophages, the atypical M2
polarization cannot prevent C. burnetii infection. In chronic Q fever, M2 cytokines such
as IL-10 or ingestion of apoptotic cells trigger polarization of infected monocytes and
macrophages towards an M2 phenotype that allows bacterial growth. A few M1
associated proteins such as IFN-y (interferon gamma) and TNF-o (tumor necrosis factor)
have been experimentally shown to be critical for the early control of infection (65). In
addition, chemokines (CCL2 and CCLJ5) can directly interfere with granuloma formation

associated with the resolution of Q fever (66).

Both T cells and B cells of the adaptive immune response contribute to control C.
burnetii infection. CD8+ T cells play a significant role than CD4+ T cells in controlling
C. burnetii infection due to their ability to produce IFN-y (67). IFN-y promotes an
antimicrobial response by mechanisms including phagosome maturation, apoptosis,
production of cytokines such as TNF-a, and nutrient regulation such as iron or tryptophan
(65, 68—71). Further, it has been suggested that contribution of antibodies against C.
burnetii infection is complicated and antibodies may remain dispensable for pathogen

clearance (70). Indeed, during acute Q fever, cell-mediated immunity, IFN-y, and
12



granuloma protect against C. burnetii. However, defective granuloma formation, cell-
mediated immunity, and overproduction of IL-10 are characteristics of chronic infection

(70).

V. Manipulation of host signaling

Several signaling pathways in the host cell are perturbed in C. burnetii infection,
including apoptosis, autophagy, inflammatory pathways, intracellular trafficking, and
kinase signaling. To facilitate its intracellular survival and replication, C. burnetii

manipulates these signaling through the effector proteins secreted by its T4SS (51).

Apoptosis

Certain intracellular pathogens induce apoptosis, a type of regulated cell death, to invade
surrounding cells, whereas others inhibit this process for successful infection (72). C.
burnetii prevents host apoptosis modalities to prolong viability of the host cell before
exiting by an unknown mechanism. It has been shown that C. burnetii inhibits
staurosporine-induced intrinsic apoptosis and TNF-a mediated extrinsic apoptosis of
human macrophages (73). C. burnetii reduces cleavage of caspase-3, caspase-9,
poly(ADP-ribose) polymerase (PARP) and prevents the release of mitochondrial
cytochrome c to antagonize apoptosis. In addition, this pathogen promotes a pro-survival

signaling pathway by activating Akt, Erk1/2, and PKA, recruits Bcl-2 to the CCV,

13



inactivates Bad, and stimulates expression of Mcl-1 in neutrophils (51, 74-76). As
mentioned earlier, a few T4SS-secreted effector proteins such as AnkG, CaeA, and CaeB
are also known to be involved in apoptosis inhibition by an unknown mechanism (37—
41). AnkG binds to host p32 and enters the nucleus to prevent apoptosis, and CaeA and

CaeB prevent mitochondrial-dependent intrinsic apoptosis.

Autophagy

Autophagy is an evolutionarily conserved process induced by metabolic and infection-
mediated stresses that results in lysosomal degradation of unwanted cytoplasmic entities
(77). Macroautophagy (herein referred to as autophagy) is the best-characterized form of
autophagy that involves a specialized double-membrane vesicle, known as
autophagosome. Intracellular pathogens engage with autophagy to gain nutrients or
prevent lysosomal degradation (78). Lysosomal degradation does not happen for C.
burnetii, and when CCV engages with the autophagosomes, autophagy-related proteins
such as LC3 and p62 get recruited to CCVs in a T4SS-dependent manner (79). Recently,
a T4SS effector termed CvpF has been shown to interact with the host GTPase RAB26,
resulting in the acquisition of LC3 to CCVs and proper vacuole biogenesis (42). In
addition, C. burnetii inhibits mTORCL1, an autophagy-inhibiting protein, and its
localization to endolysosomal membranes (80). Inhibition of components of autophagy
thus culminates in reduced C. burnetii replication (52, 80). Together, induction of

autophagy is critical for proper CCV development and C. burnetii replication.

14



Inflammatory pathways

After confronting the intracellular pathogens, alveolar macrophages typically promote a
proinflammatory response and recruits immune cells to the site of infection as an innate
defense response against the pathogen (81). Although the inflammatory response to C.
burnetii is not well defined, studies have shown that avirulent C. burnetii stimulates IL-
1B production, NLRP3 inflammasome, and caspase-1-dependent pyroptosis, a form of
regulated cell death (45, 60, 82). In contrast, virulent isolates suppress the IL-1p,
inflammasome response, and do not promote pyroptosis in human macrophages, probably
due to different LPS composition or secreted effectors than avirulent isolates. The
disparity in the inflammatory response to C. burnetii appears to depend on the type of

host cells as well as the nature of bacterial isolate.

VI. MicroRNAs

MicroRNAs (miRNAS) are a class of single-stranded small (~22 nucleotides), non-coding
RNAs (ncRNAS) that contribute to the post-transcriptional gene regulation in a wide
range of eukaryotes and some viruses (83). More than 2500 mature miRNAs are currently
annotated in miRBase, a depository of published miRNA sequences (84). miRNAs can
regulate more than 60% of the human transcriptome (85), typically by inhibiting target
gene expression that combines translation repression and messenger RNA (MRNA)

degradation (86, 87).

15



Evolution, biogenesis, and nomenclature

miRNAs have emerged multiple times in eukaryotes from an ancestral RNA silencing
pathway called RNA interference (RNAI) (88). RNAI is considered to have been present
in the last common ancestor of eukaryotes to defend against viruses and transposable
elements (88). The formation of mMIRNA is a multistep process that regulates miRNA
maturation (89, 90) (Figure 3). Canonically, miRNA genes are transcribed by RNA
polymerase I, resulting in a primary miRNA transcript or pri-miRNAs. Each pri-miRNA
forms at least one distinct hairpin structure that is cleaved at the double-stranded stem
region by the Microprocessor, a complex of Drosha endonuclease and dimeric RNA-
binding protein DGCRS, to release a precursor miRNA (pre-miRNA). The pre-miRNA is
then exported to the cytoplasm by the action of Exportin 5 and RAN-GTP for further
processing by the endonuclease Dicer. Dicer cleaves off the loop region of the hairpin to
generate the approximately 22 to 23 nt miRNA duplex, which contains the miRNA paired
to its passenger strand (mMiRNA*). This miRNA duplex is then loaded into the RNA-
induced silencing complex (RISC) that consists of Argonaute (AGO) and associated
proteins. Here, the seed sequences (nucleotides at positions 2—8 from 5' end) of the guide
miRNA (a strand of the miRNA duplex, which incorporates into RISC and silences the
gene expression) strand complementarily base-pairs with mRNA and other targets,
whereas the passenger strand is usually degraded.

The standard nomenclature for miRNAs uses a specific convention maintained by
miRBase (91). For example, in hsa-miR-121, the first three letters specify the organism
(such as Homo sapiens), followed by mature miRNA as “miR”. The gene encoding

miRNA or stem-loop portion in the primary transcript is depicted as “mir”. Distinct

16



precursor sequences and genomic loci expressing identical mature sequences are depicted
as hsa-mir-121-1 and hsa-mir-121-2. Closely related mature sequences are depicted by
lettered suffixes such as hsa-miR-121a and hsa-miR-121b. In addition, sometimes two
different ~22nt sequences miRNAs originate from the same precursor, in which the
mature sequences are assigned as miR-56 (the predominantly expressed product) and
miR-56* (from the opposite arm of the precursor) but if the expression data for such
sequences are insufficient to determine the predominantly expressed product, names such

as miR-143-5p (from the 5" arm) and miR-143-3p (from the 3" arm) are assigned.
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Figure 3. miRNA processing pathway. Primary miRNA transcript (pri-miRNA) is
produced by RNA polymerase Il (pol I1) in the nucleus. pri-miRNA is cleaved by the
microprocessor complex Drosha—DGCRS resulting in precursor miRNA (pre-miRNA),
which is exported into the cytoplasm by Exportin-5 and Ran-GTP. In the cytoplasm, the
endonuclease Dicer cleaves the hairpin of pre-miRNA, and the one strand of the mature
miRNA duplex, mature miRNA (red), gets loaded with Argonaute (AGO) proteins into
the RNA-induced silencing complex (RISC). This guide strand directs the RNA-induced
silencing complex (RISC) to the target MRNA cleavage, translational repression, or

deadenylation, and the passenger strand (blue) is degraded.
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Functional requlation and target prediction

miRNAs have transcriptionally regulated tissue-specific expression patterns (86). miRNA
target sites are typically present in the 3' untranslated region (UTR) of mRNAs (Figure
4). These target sites possess complementarity to the seed region, a conserved sequence
that is typically situated at positions 2-8 from the miRNA 5'-end. Animal miRNAs bound
to AGO protein in RISC recognize their mMRNA targets by base-pairing to partially
complementary binding sites. AGO proteins interact with a GW182 protein that results in
deadenylation of the mRNA target, which is followed by decapping and 5'-to-3'
exonucleolytic decay of the mRNA. In addition, miRNAs can inhibit translation initiation
by interfering with the activity and/or assembly of the eukaryotic initiation factor 4F
(elF4F) complex. Based on the similarity in their seed sequences, which are primarily

responsible for targeting mMRNA, these molecules are grouped into different families.
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Figure 4. MicroRNA target sites. In a canonical mRNA target, the strongest seed match

is considered to be an 8mer that includes perfect Watson—Crick (WC) complementarity

from nucleotides 2—8 of the miRNA seed in addition to an adenine across from the

mIiRNA. The 7mer-m8 site shows perfect WC complementarity to nucleotides 2-8 of the

mature miRNA (the seed + match at position 8), whereas the 7mer-Al site consists of

perfect WC complementarity to nucleotides 2-7 of the mature miRNA (seed) followed by

an adenine residue. A 6mer generally shows the least repression efficacy.
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Despite the expanding knowledge about the miRNA-target interactions,
identifying potential miRNA targets in the human genome is still difficult (92). In
contrast with plant miRNAs that bind to their targets with perfect complementarity,
animal miRNAs show partial sequence complementarity or seed match (93). Therefore,
miRNA targeting specificity and repression efficiency are determined by multiple
sequence-specific and cell-specific variables (94):

(1) Seed match: A strong Watson—Crick (WC) pairing between a miRNA and
MRNA is very critical for targeting (94). The strongest seed match is considered to be
8mer that includes a perfect WC complementarity from nucleotides 2—8 of the miRNA
seed in addition to an adenine across from the miRNA followed by 7mer-m8, 7mer-Al as
described in Figure 4. Sometimes, noncanonical sites with no six adjacent WC pairs to
the seed region (MiRNA positions 2-8) can additionally have compensatory sites that
base pairs with the miRNA to compensate for the imperfect seed match.

(2) Thermodynamic stability: Thermodynamic stability of the miRNA-mRNA
duplex is measured by calculating the free energy of the putative binding (94). If the free
energy is low, the pairing between miRNA-mRNA strands is considered strong and
thereby a strongly predicted target.

(3) Sequence conservation: Conservation of target sequence in closely related
species in orthologous 3' UTR sequences can reduce the false positive predictions (94).
Compared to the other regions, miRNA seed regions show higher conservation probably
due to the evolutionary conservation of microRNA regulatory circuits (95).

(4) Target site accessibility: Both the miRNA and the 3' UTR of target should be

accessible in the region that corresponds to the seed to facilitate interaction (94).
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Therefore, calculation of free energy required to make the complementary site accessible
by the miRNA can improve the target prediction.

(5) Multiple binding sites: miRNAs form complex networks of interactions as one
miRNA can target multiple mRNAs, and one mRNA can be regulated by multiple
miRNAs in an additive, cooperative or competitive manner depending on their target site
proximity (94). The target repression efficacy varies according to the number of mMiRNAs
that bind to a target gene. Therefore, predictions based on multitargeting can increase the
probability of finding true targets.

Despite relying on the features mentioned above and additional features such as
increased local AU content, existing bioinformatic algorithms show a high false-positive
or negative rate in predicting the targeting efficiency of miRNAs (96, 97). Therefore, a

functional validation of miRNA-target-pathway networks is vital (92).

VII. miRNAs: Host defense or pathogen offense?
In the last decade, miRNAs have emerged as an integral part of the host immune response
to bacterial pathogens (98). Eukaryotes employ these ncRNAs to regulate critical
processes such as cell death, autophagy, and inflammation to neutralize infection (98,
99). Conversely, intracellular bacterial pathogens such as Mycobacterium tuberculosis,
Legionella pneumophila, and Chlamydia trachomatis subvert miRNA expression to
promote survival, replication, and persistence (100-104).

For example, macrophages infected with M. tuberculosis induce production of
miR-142-3p that leads to the downregulation of N-Wasp, an actin-binding protein (105).
N-Wasp downregulation limits the amount of actin required for the actin filament
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formation in the early phagosome. Consequently, miR-142-3p induction results in
reduced uptake of this pathogen as a host defense strategy. On the other hand, M.
tuberculosis-infected macrophages show induction of miR-125a-3p that leads to
downregulation of an autophagy inducer protein UVRAG (UV radiation resistance-
associated gene) (106). Therefore, induction of miR-125a-3p in infected macrophages
results in inhibition of autophagy and phagosomal maturation that favors intracellular
survival of M. tuberculosis.

Collectively, such observations suggest that miRNAs could either serve to control
infection or to promote intracellular survival of pathogens in a cell-specific context;
however, whether miRNAs have a role in C. burnetii infection is unknown. The present

study aims to elucidate the contribution of miRNAs in C. burnetii infection.
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ABSTRACT

MicroRNAs (miRNAs), a class of small non-coding RNAs, are implicated in a spectrum
of physiological processes, including immune response to intracellular infections.
However, no information is available about miRNAs’ roles during infection by C.
burnetii, a bacterial pathogen that suppresses host apoptosis during infection. We
investigated the expression of miRNAs in C. burnetii-infected THP-1 cells and identified
several potential microRNA-target interactions and cell signaling pathways that showed
an infection-stage-specific response. A pathway enrichment analysis of genes targeted by
miRNAs indicated that miRNAs likely contribute to apoptosis inhibition during infection.
Among these apoptosis-related miRNAs, we conducted functional studies on miR-143-
3p, which was downregulated during infection. Our data showed that overexpression of
miR-143-3p down-regulates the expression of pro-survival proteins such as Aktl and
Bcl-2, promotes apoptosis and inflammation, and inhibits the host’s autophagic response.
Interestingly, during infection, despite C. burnetii appearing to neutralize the effect of
miR-143-3p overexpression, this miRNA could still inhibit bacterial growth. Taken
together, the present study show that miRNAs are an integral component of
macrophages’ stage-specific response to C. burnetii infection, and inhibition of miR-143-

3p might facilitate the pathogen’s intracellular growth.

39



INTRODUCTION

The highly infectious intracellular pathogen Coxiella burnetii is the etiological agent of Q
fever (1). It has a unique biphasic life cycle where the bacterium alternates between a
dormant small cell variant (SCV) and a metabolically active form called the large cell
variant (LCV) (1). After its uptake by a host cell, typically an alveolar macrophage, C.
burnetii establishes a Coxiella-containing vacuole (CCV) that matures by fusing with
endolysosomal, autophagic, and secretory vesicles (2—4). Alveolar macrophages utilize
an arsenal of innate defense responses, including induction of apoptosis, inflammation,
and modified vesicular trafficking to control C. burnetii infection (2, 5-8). In response,
the pathogen actively disrupts many of these host defense networks; for example, by
recruiting anti-apoptotic Bcl-2 to the CCV, inactivating pro-apoptotic Bad, and
promoting a pro-survival response by activating Erk1/2, Akt, and PKA signaling (9-11).
This subversion is critical to Coxiella’s intracellular growth and virulence, and effector
proteins secreted through a type IV secretion system (T4SS) have been shown to
contribute to this process (6, 12).

MicroRNAs (miRNAS) are a class of single-stranded, small (~22 nucleotides),
non-coding RNAs that orchestrate post-transcriptional gene regulation in a wide range of
eukaryotes and some viruses (13). In humans, miRNAs regulate a large number of genes,
primarily by inhibiting target gene expression via translation repression and mMRNA
degradation (14-16). Studies have shown that miRNAs are integral to host response to
bacterial, viral, and parasitic infections; however, miRNAs could either promote or

inhibit infection (17-24).
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We have shown previously that expression of miRNAs is perturbed in
macrophages infected with C. burnetii (25), but the function, if any, of miRNAs are
unclear. In this study, we show that miRNAs are a major component of the host response
to C. burnetii and demonstrate that miR-143-3p could promote apoptosis, inhibit
autophagy, and induce the production of pro-inflammatory cytokines. These data indicate
that the downregulation of miR-143-3p expression observed during C. burnetii infection

likely contributes to the pathogen’s intracellular growth.
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RESULTS

Host gene expression correlates with the stage of infection

To identify infection-associated miRNAs and their potential targets, we measured
miRNA and mRNA expression in THP-1 cells infected (or uninfected) with C. burnetii
Nine Mile RSA439 Phase Il (NMII). The total number of mMiRNAs and mRNAs that were
differentially expressed (log2 fold-change > 0.75, Padj < 0.05) in NMll-infected cells in
comparison to uninfected cells increased from 1 to 3-day post-infection (dpi) (Figure 1,
Table 1 and S1). But by day 5, the number of protein-coding and miRNA genes that
were up- or down-regulated in Coxiella-infected cells has reduced considerably (Figure
1, Table 1 and S1). These data indicate that the magnitude of host cell response to
Coxiella infection increases as the bacterium replicates (days 1-3), and as actively
growing LCVs transition into metabolically less active SCVs (day 5) (26), the host

response becomes muted in tandem.
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Table 1. Number of differentially expressed (log2 fold-change > 0.75, Padj <0.05)
miRNAs and mRNAs in NMlI-infected cells in comparison to uninfected cells at

respective hours post-infection (hpi).

mMiRNA MRNA
Time Total Down Up Total Down Up
8 hpi 25 12 13 454 220 234
24 hpi 25 16 9 1160 665 495
48 hpi 35 23 12 1742 445 1297
72 hpi 60 43 17 6525 3236 3289
120 hpi 34 18 16 211 80 131
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Figure 1. Host gene expression during C. burnetii infection. The total number of (A)

miRNAs and (B) mRNAs that were differentially expressed in NMll-infected cells in

comparison to uninfected cells. Gray bars denote upregulated genes while black

corresponds to downregulated ones (log2 fold-change > 0.75, Padj <0.05; n = 3).
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mMiRNAs likely regulate apoptosis signaling during Coxiella infection

To identify the genes and signaling pathways potentially targeted by miRNAs, we
performed inverse-expression pairing and core pathway analyses using the Ingenuity
Pathway Analysis (IPA) tool (27). In the case of inverse-expression pairing, we selected
miRNAs and their known and predicted targets to find an inverse pattern of expression,
i.e., if the miRNA expression is upregulated, the target gene expression is down-
regulated, and vice versa (Table S2). To perform core pathway analysis, we focused on
host pathways that are enriched for genes that are potentially targeted by miRNAs, where
the target gene and miRNA show an inverse pattern of expression. These analyses
revealed 215 pathways, including apoptosis signaling, PI3K/AKT, autophagy, and I1L-17
signaling, that are likely regulated by miRNAs (Figure 2, Table S3). To begin to
investigate a potential role for miRNAs in regulating host cell apoptosis during Coxiella
infection, we measured the expression of 84 apoptosis-regulating miRNAs using a qRT-
PCR array (Qiagen). This assay showed that 12 miRNAs were up-or down-regulated in
Coxiella-infected cells (Table 2), suggesting their involvement in host response to C.

burnetii infection.
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Figure 2. Host pathways potentially controlled by miRNAs during Coxiella

infection. Top 20 significantly affected (z-score > 1.5 or <1.5) miRNA-targeted

pathways based on IPA. Orange bars show pathways with positive z-score (activation),

while blue corresponds to a negative z-score (inhibition) in ingenuity pathway analysis

(IPA).
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Table 2. Differentially expressed (p < 0.05, n = 3) miRNAs in NMII-infected THP-1

cells compared to uninfected controls were confirmed through qRT-PCR array.

mMiRNA Fold Change p-value

hsa-miR-708-5p 0.6225 0.037471
hsa-miR-145-5p 0.6312 0.006722
hsa-miR-143-3p 0.6535 0.007199
hsa-miR-106b-5p 0.7386 0.032799
hsa-miR-181d-5p 0.7611 0.028265
hsa-miR-16-5p 0.8026 0.024211
hsa-miR-222-3p 0.8804 0.014724
hsa-miR-365b-3p 1.1015 0.016939
hsa-miR-218-5p 1.5832 0.013546
hsa-miR-125a-5p 1.5868 0.010438
hsa-miR-192-5p 1.7689 0.03232

hsa-miR-146a-5p 5.9635 0.000006




miR-143-3p is downregulated during C. burnetii infection
Among the apoptosis-related miRNAs that were differentially expressed during C.
burnetii infection, in this study we focused on miR-143-3p, that was significantly
downregulated in NMlII-infected cells (Figure 3B and C, Table 2). To further confirm
the low expression of miR-143-3p during C. burnetii infection, we quantified the miRNA
expression using gRT-PCR in human alveolar macrophages (hAMs) infected with either
NMII or with C. burnetii Nine Mile RSA 493 (NMI), the fully virulent isolate.
Expression of miR-143-3p was significantly downregulated in hAMs infected with either
isolate of C. burnetii (Figure 3A), suggesting that the miRNA has a role in host response
during natural infections. Intriguingly, the expression of miR-143-3p was significantly
lower in NMlI-infected than in NMlI-infected hAMs. While the cause for this disparity is
unknown, the full-length lipopolysaccharide (LPS) present in NMI might have a role in
the differential repression of host miR-143-3p.

We further assessed the impact of miR-143-3p on Coxiella’s intracellular growth.
As shown in Figure 4, Coxiella growth was significantly lower in miR-143-3p-
transfected HeLa cells in comparison to untransfected cells and to cells transfected with a
miRNA negative control. Thus, based on these data, we surmise that downregulation of
miR-143-3p that occurs during Coxiella infection in macrophages could be advantageous

to the Q fever pathogen.
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Figure 3. miR-143-3p is downregulated in C. burnetii-infected macrophages. (A)
Primary human alveolar macrophages (hAMs) infected with NMII or NMI isolates of C.
burnetii at 25 multiplicity of infection or uninfected controls were analyzed for miR-143-
3p expression using gRT-PCR at 72 hours post-infection. Pairwise comparisons of the
expression values in hAMs were done using two-tailed paired t-test followed by Welch’s
correction (n = 3). (B) In the RNA-Seq experiment, miR-143-3p expression in NMII-
infected THP-1 cells compared to uninfected cells was analyzed by DESeqg2 (n = 3).
Volcanic plot representation of differentially regulated (C) miRNA and (D) mRNAs in
NMII infected THP-1 derived macrophages at 72 hpi. Red dots show upregulated while
blue corresponds to downregulated gene expression compared to the uninfected control.
The x-axis shows the magnitude of fold change (-0.75 <log2fc > 0.75, padj <0.05; n = 3)

and y-axis corresponds to statistical significance (-log10 of p value).
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Figure 4. miR-143 inhibits intracellular growth of C. burnetii. Quantification of
intracellular C. burnetii at 48hpi in miR-143-3p-transfected HelLa cells compared to cells
transfected with non-specific miRNA (miR-control). Mock-infected cells served as
control. Statistical significance was determined using one-way ANOVA followed by

Tucky’s multiple comparison test (ns: non-significant, n = 3).
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miR-143-3p promotes early apoptosis

To test the impact of miR-143-3p on apoptosis, we transfected HeLa cells with either
miR-143-3p or a non-specific control mMiRNA and measured early and late apoptosis
using annexin V-PE and eFluor780 staining followed by flow cytometry. We observed
that the percentage of early, but not late, apoptotic cells in the miR-143-3p-transfected
population was significantly higher than in cells transfected with control miRNA (~15%
vs. ~10%; Figure 5E and G). However, when the cells were infected with NMII, the
percentage of early apoptotic cells in the miR-143-3p-transfected population reduced to
~12%, and it not significantly different from the control-miRNA-transfected cells (~9%)

(Figure 5F and H).

54



eFluor780

eFluor780

A. Uninfected + miR-control

0%
] a e,
e 03 | 04
1 85.9% 9.5%
TTT |||‘|é2 T TTT l]l;éa T TTT ]]]:OI‘ T TTT II"IA T

Annexin@-PER

C. Uninfected + miR-143-3p

. | 03%
<
1 79.8% 16.40
T Illll;.!2 T T II”I1|0|Q T T ||I||1|é‘ T T |||||1|0|s T

Annexin-PER

B. Infected + miR-control

" 0%
] Q1 Q2
o T
o =7 Q3 Q4
N }
— ] S
=] .
R
=
(5]
“
o~
1 86% 10%
—I II1I'II]2 T 1 If'lillla T T l]fl"l T T Il]rli‘]s T

10%

4

1

eFluor780

3

1

102

10

10 10*

Annexin®@-PER

D. Infected + miR-143-3p

10

| 0% C 128
] Q1 Q2 W
: @ | ™.
] &
1 85.9% 12.9%
| B33 | Illl‘lol T LI lllrl;é 7:7 IAi llilﬁ;é‘iA T TT II”;AS T
Annexin®-PEQ

55



E. Uninfected/early apoptosis F. Uninfected/late apoptosis

- 20 -
20 p=0.0065
0
2 15- - 8 15-
L O
g 2
S
g 10 g 10 -
% % ns
L]
R 5 8 5+
=X - —
0 = 1 0 - T
o oR & R
’ooé\ O po& N
&g- S ! 6-\@- 6-\@-
G. Infected/early apoptosis. H. Infected/late apoptosis
20+ 20 -
ns =
% 15 ] § 15
9 I 3
.
% 10 4 5 10 4
z 2
3 5 ns
2 5 T 5 1
2 i
o
S oR ° oR
00&‘ N & N



Figure 5. miR-143-3p promotes early apoptosis. Panels A-D show representative flow
cytometry density plots. Early apoptotic cells are Annexin V-PE*'¢/eFluor780V¢ (Q4),
whereas late apoptotic cells are Annexin V-PE"¢/eFluor780*'¢ (Q2). (E, F) Percentage of
early and late apoptotic cells in uninfected HeLa cells that were transfected with miR-143-
3p or control miRNA (miR-control); (G, H) Percentage of early and late apoptotic cells in
Coxiella-infected cells that were pre-transfected with miR-143-3p or control miRNA.
Pairwise comparisons of number of apoptotic cells were done using two-tailed paired t-test

followed by Welch’s correction (n = 3).
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To begin to understand the miR-143-3p regulatory circuit, we assessed the
expression of AKT1 and BCL2, two genes that are regulated by miR-143-3p (28-31) and
are central to apoptosis regulation in human macrophages (10, 11). Expression levels of
both AKT1 and BCL2 in uninfected cells were significantly reduced in miR-143-3p-
transfected cells compared to cells transfected with control miRNA, but infection with C.
burnetii abrogated the inhibitory effect of miR-143-3p on these genes (Figure 6).
Measurement of Akt and Bcl-2, the proteins encoded by the two genes, revealed that while
infection neutralized the inhibitory effect of miR-143-3p on Akt, in both uninfected and
Coxiella-infected cells, the miRNA seems to significantly inhibit Bcl-2 production (Figure

7).
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Figure 6. Transfection of HelLa cells with miR-143-3p reduces AKT1 and BCL2
expression. Panels A and B show fold change in AKT1 and BCL2 mRNA expression in
uninfected cells when transfected with miR-143-3p compared to cells transfected with
control miRNA (miR-control). Panels C and D show fold change in AKT1 and BCL2
MRNA expression in infected cells (48 hpi) pre-transfected with miR-143-3p compared to
the miR-control. Pairwise comparisons of the expression values were done using two-tailed

paired t-test followed by Welch’s correction (n = 3).
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Figure 7. Transfection of HelLa cells with miR-143-3p affects Akt and Bcl-2

production. Panels A and B show fold change in Akt (pSer473) and Bcl-2 (pSer70) protein

expression in uninfected cells when transfected with miR-143-3p compared to the cells

transfected with control miRNA (miR-control). Panels C and D show fold change in Akt

(pSer473) and Bcl-2 (pSer70) protein expression in infected cells (48 hpi) pre-transfected

with miR-143-3p compared to the miR-control. Pairwise comparisons of the median

fluorescence intensity (MFI) values were done using two-tailed paired t-test followed by

Welch’s correction (n = 3).
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miR-143-3p has potential roles in autophagy and cytokine response

In addition to apoptosis, our analysis of miR-143-3p-targeted pathways indicated that the
miRNA could be involved in autophagy and cytokine production (Table S3), two
processes that are interconnected with the apoptosis pathway and are known to be
affected during Coxiella infection (32—35). To test this, we measured rapamycin-induced
autophagosomal flux in HeLa cells transfected with either miR-143-3p or control
miRNA. This analysis showed that in uninfected cells, autophagosomal flux was slightly,
but significantly, lower in miR-143-3p-transfected cells compared to the control;
however, this phenotype was not observed when the transfected cells were infected with
C. burnetii (Figure 8). To test miR-143-3p’s potential role in cytokine response, we
measured cytokine levels using multiplex immunoassay in supernatant collected from
HeLa cell cultures transfected with miR-143-3p. Of the 20 cytokines and chemokines
included in the immunoassay panel, we observed increased production of six
proinflammatory proteins [TNF, CXCL8, CCL11 (eotaxin), CXCL10 (IP-10), CXCL1
(GRO alpha), CCL4 (MIP-1 beta)], as well as downregulation of IL6 and CCL2 (MCP-1)

(Figure 9).
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Figure 8. miR-143-3p inhibits autophagic flux. Y-axes show relative autophagy flux
reported as average brightness of CYTO-ID green (a cationic tracer that selectively labels
autophagic compartments) per cell compared to control. Autophagy was measured in
HelLa cells that were transfected with either miR-143-3p or control miRNA (miR-control)
and were infected with C. burnetii (B) or remained uninfected (A). Pairwise comparisons
of average CYTO-ID green brightness per cell on at least 200 cells per well were done

using two-tailed paired t-test followed by Welch’s correction (n = 3).
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B. Chemokines
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Figure 9. miR-143-3p impacts cytokine response. Y-axis shows the fold-change of (A)
cytokines and (B) chemokines secretion by HelLa cells that were transfected with either
miR-143-3p or control miRNA (miR-control). Pairwise comparisons of the median
fluorescence intensity (MFI) values, that corresponds to the concentrations of cytokines
of chemokines, were done using two-tailed paired t-test followed by Welch’s correction

(*p <0.05, **p<0.01; n=23).
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fold-change in miR-146a-5p
(normalized to U6 snRNA)

Figure 10. miR-146a-5p expression in primary human alveolar macrophages
(hAMs) infected with C. burnetii. The y-axis shows the fold-change in miR-146a-5p
expression normalized to the expression of U6 small nuclear RNA, an internal control.
The x-axis corresponds to the hAMs that are uninfected, infected with NMII or NMI
isolate at 25 multiplicity of infection (72 hours post-infection). Pairwise comparisons of
the expression values were done using two-tailed paired t-test followed by Welch’s

correction (n = 3).
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Figure 11. Transfection of HeLa cells with miR-143-3p knockdown v-
atpase/ATP6V1A and xCT/SLC7AL1 expression. A and B show fold change in
ATP6V1A and SLC7A11 mRNA expression in uninfected cells when transfected with
miR-143-3p compared to the miRNA negative control (miR-control). C and D show fold
change in VATA (ATP6V1A) and xCT (SLC7A11) protein expression in uninfected
cells pre-transfected with miR-143-3p compared to the miRNA control measured using
guantitative mass-spectrometry. Pairwise comparisons of the raw values were done using

two-tailed paired t-test followed by Welch’s correction (n = 3).
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DISCUSSION

In the present study we show that C. burnetii induces the expression of stage-specific sets
of host genes with miRNAs likely serving as modulators of host responses. Our data also
indicate that the downregulation of miR-143-3p expression observed during C. burnetii
infection in macrophages likely contributes to the pathogen’s intracellular growth.
Indeed, overexpression of miR-143-3p reduced bacterial intracellular growth as well as
counteracted cellular processes that promote C. burnetii survival in HeLa cells. These
findings help our understanding of C. burnetii-macrophage interactions and could be
relevant to infections caused by other intracellular pathogens such as Anaplasma
phagocytophilum and Chlamydia trachomatis (36).

During later stages of infection, C. burnetii transitions from the metabolically-
active LCV into a dormant SCVs (26, 37, 38). Our data shows that around day 5 post-
infection, this developmental transition in C. burnetii may induce stage-specific sets of
host genes (Figure 1), as shown previously for infections with pathogens such as C.
trachomatis, Leishmania major, and L. amazonensis that also have similar biphasic
intracellular lifestyles (39, 40). The highest magnitude of host cell response was observed
at 3 dpi, pathway enrichment analysis of genes that are the targets of miRNAs at this
stage revealed multiple signaling pathways that are known to be involved in Coxiella
infection such as phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling,
autophagy, and inhibition of apoptosis signaling.

Further, many miRNAs identified in this study contribute to host apoptosis
regulation in various disease conditions (41-44). For example, miR-16-5p induction can
promote host apoptosis in cells infected with Enterovirus 71 (45), and overexpression of
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miR-146a-5p, an lipopolysaccharide (LPS)-induced anti-inflammatory miRNA, can
inhibit apoptosis by destabilizing p53 (46, 47). A miRNA that was consistently down-
regulated during Coxiella infection was miR-143-3p. This miRNA is known to inhibit
autophagy, and promote apoptosis and pro-inflammatory response by directly inhibiting
the expression of pro-survival genes and corresponding proteins such as Bcl-2 (B-cell
lymphoma 2), Aktl, Atg2B (Autophagy Related 2B), and HK2 (Hexokinase 2) in a
variety of cardiovascular diseases and cancers (30, 48-53). However, its function in host
response to intracellular infection is not well understood.

Since our pathway enrichment analysis indicated that PI3K/AKkt signaling was
activated, we focused on understanding the contribution of miR-143-3p in the modulation
of PI3K/AKt signaling network (Figure 12). The PI3K/Akt signaling functions as a key
regulator of diverse host cell functions, including autophagy, apoptosis, and inflammation
(54). PI3K can activate Akt protein causing multiple downstream effects including
MTOR (mechanistic target of rapamycin) activation that serves as a negative regulator of
autophagy (55). In addition, activated Akt is known to induce pro-survival proteins such
as Bcl-2, and inhibit pro-apoptotic proteins such as Bad (56). These signaling cascades
lead to decreased caspase-3 activation and subsequent prevention of intrinsic apoptosis.
In order to prevent host apoptosis, intracellular bacterial pathogens such as Salmonella
enterica Typhimurium, Legionella pneumophila, and M. tuberculosis activate PI3K/AKkt
pathway through secreted effectors (57). In case of C. burnetii, although activation or
phosphorylation of Akt has been reported to coincide with C. burnetii replication,

effector(s), if any, has not yet been identified (11).
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Figure 12. PI3K/Akt signaling network. Activation of PI3K leads to
phosphorylation/activation of Akt. Akt activates pro-apoptotic proteins Bad, Bax, Bim,
and pro-survival transcription factor NF-kB leading to induction of pro-survival proteins
Bcl-2, Bcl-xL, and activation of XIAP. Bcl-2 prevents the release of cytochrome ¢ from
mitochondria, thereby preventing a caspase-3 dependent proteolytic cascade leading to
apoptosis. Akt, in addition, also activates mTOR and FOXO proteins that can further
contribute to apoptosis induction. Overexpression of miR-143-3p can target Akt and Bcl-

2 to promote apoptosis.
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Besides activating Akt during infection, C. burnetii also recruits Bcl-2 to the CCV
(10), and secretes effectors to inhibit host apoptosis (6, 12). Interestingly, the transcripts
encoding Akt and Bcl-2 contain binding sites for miR-143-3p and have been shown to be
targeted by miR-143-3p (28, 29). Our data show that in uninfected HeLa cells that were
transfected with miR-143-3p, expression levels of AKT1 and BCL2 both at the mMRNA
and protein levels were significantly reduced compared to the miRNA negative control.
At the same time, miR-143-3p transfection enhanced the percentage of early apoptotic
cells in the cells compared to the control suggesting that miR-143-3p induces intrinsic
apoptosis by inhibiting the expression of AKT1 and BCL2. In contrast, in infected cells
that were transfected with miR-143-3p, the inhibitory effect of miR-143-3p transfection
on AKT1 and BCL2 expression was not observed except a moderate inhibition of Bcl-2
at the protein level. At the same time, the difference between percentage of early
apoptotic cells in the miR-143-3p-transfected population and control-miRNA-transfected
cells in infected cells was not as much as observed in the uninfected cells. Together, these
observations suggest that C. burnetii infection tends to neutralize the pro-apoptotic effect
of miR-143-3p overexpression probably by regulating Akt and Bcl-2. However, the exact
mechanism by which the pathogen inhibits the effects of miR-143-3p is not clear.

Previously, lipopolysaccharide (LPS)-stimulated macrophages have been shown
to downregulate miR-143-3p expression (58-60). In agreement with this observation, our
data show that while miR-143-3p expression was downregulated in cells infected with
either NMI or NMI|I, the degree of downregulation is much more severe in cells infected
with NMI, which contains intact LPS, compared to cells infected with the LPS mutant
NMIL. In addition, expression of miR-146a-5p, a well-known LPS-induced miRNA, in

74



hAMs infected with NMI was significantly higher than in NMII-infected and uninfected
hAMs (Figure 10). Both these findings suggest that LPS of C. burnetii may contribute to
the modulation of miR-143-3p and miR-146a-5p during C. burnetii infection.

Apart from apoptosis, a number of proteins involved in autophagic pathways in
intracellular infections are known to be targeted by miRNAs such as miR-146a-5p, miR-
125a-5p, and miR-143-3p (52, 66-68). miR-143-3p has been previously shown to target
ATG2B to inhibit autophagy (49, 61), and inhibition of autophagy has been shown to
reduce intracellular growth of C. burnetii and improper CCV maturation (62—64).
Therefore, downregulation of miR-143-3p could favor C. burnetii growth by the
promotion of autophagy and associated proteins such as AKT1, ATG2B, v-

ATPase/ ATP6V1A and cystine/glutamate antiporter XCT/SLC7A11 that have been
known or predicted to be targets of miR-143-3p (1618, 65-67). In our study on
uninfected cells, ATP6V1A and SLC7A11 were found to be downregulated in miR-143-
3p transfected cells at the transcript and protein level compared to the miRNA negative
control suggesting their involvement in miR-143-3p-mediated inhibition of autophagy
(Figure 11, Table S4). At the same time, transfection of miR-143-3p was found to
inhibit autophagic flux in uninfected cells compared to the control but not in infected
cells. Both of these observations shows that overexpression of miR-143-3p could reduce
autophagy that may involve the inhibition of ATP6V1A, SLC7All, and AKT1
expression.

Inhibition of Akt has also been reported to contribute to a proinflammatory
response (68). Further, host inflammatory response is known to be fine-tuned by
multiple miRNAs (69, 70). For example, upregulation of miR-146a-5p can promote an
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anti-inflammatory phenotype that facilitates the intracellular growth of M. tuberculosis in
murine macrophages (71). In the case of miR-143-3p, overexpression of the miRNA in
intestinal epithelial cells has been shown to reduce IkBa (an inhibitor of NF-kB) and IL-
10 levels, and increase the expression of proinflammatory cytokine such as TNF and
CXCLS8 (49, 72, 73). It is likely that modulation of these miRNAs may benefit C. burnetii
survival by attenuating the pro-inflammatory host response. Our findings were consistent
with the proinflammatory nature of miR-143-3p as the secretion of six proinflammatory
or immunomodulatory cytokines/chemokines i.e., IP-10 (CXCL10), CXCLS8 (IL8),
eotaxin (CCL11), TNFa (TNF), MIP-1B (CCL4), and GROa (CXCL1) were found to be
significantly upregulated in cells transfected with miR-143-3p compared to the control. A
down-regulated secretion of IL6 and CCL2 in miR-143-3p-transfected cells suggests that
miR-143-3p may have additional mechanisms to regulate inflammatory responses in the
hosts. It would be interesting to further explore the mechanisms by which the miR-143
regulates the host inflammatory response during C. burnetii infection, but collectively our
results suggest that downregulation of miR-143-3p may attenuate the expression of
proinflammatory cytokine by host cells. In sum, our findings indicate that during C.
burnetii infection, downregulation of miR-143-3p can benefit the intracellular growth of

the pathogen by inhibiting apoptosis and inflammation, and by promoting autophagy.

MATERIALS AND METHODS

Bacterial isolates and infection

Coxiella burnetii Nine Mile RSA439 (Phase I, Clone 4) isolate (NMII) or an isogenic
GFP-tagged isolate was cultured in acidified citrate cysteine medium-2 (ACCM-2) for 7
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days at 37°C, 5% CO», 2.5% O, (74) 84). Bacteria were quantified using PicoGreen (75),
collected by centrifugation (3000xg,10min, 4°c), resuspended in PBS containing 0.25 M
sucrose (PBSS) and stored at —80°C until further use. Before infection, THP-1 cells
(American Type Culture Collection, TIB-202) were differentiated in complete growth
medium (RPMI-1640 supplemented with 1 mM sodium pyruvate, 0.05 mM beta-
mercaptoethanol, 4500 mg/L glucose, and 10% heat-inactivated fetal bovine serum
(FBS)) at 37°C under 5% CO2 for 24 h using 30 nM phorbol 12-myristate 13-acetate
(PMA), followed by 24 h of rest in PMA-free medium to differentiate cells into adherent,
macrophage-like cells. Cells were infected with NMII isolate at a multiplicity of infection
(MOI) of 25 in serum-free complete RPMI medium for two hours and this time-point was
considered to be 0 h post infection (hpi). To remove extracellular bacteria, cells were
washed three times with PBS followed by replacement with complete growth medium.
The complete growth medium was replaced at 72 hpi. Primary human alveolar
macrophages (hAMs) were harvested by bronchoalveolar lavage (BAL) from postmortem
human lung donors and infected with NMI (Nine Mile RSA 493) or NMII (Nine Mile
RSA439, Phase 11, Clone 4) isolate of C. burnetii at 25 MOI (76). Unlike NMI that
possess a full-length LPS, its derivative NMII has a truncated LPS. hAMs were cultured
at 37°C under 5% CO> in Dulbecco’s modified Eagle/F-12 (DMEM/F12) medium

(Gibco) containing 10% FBS for 72 h post-infection.

Transfection of HeLa cells
Nucleotide sequence of hsa-miR-143-3p was obtained from miRBase 22.1 (77): 5'-
UGAGAUGAAGCACUGUAGCUC-3' (accession number MIMAT0000435).
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MIRCURY LNA miRNA mimic for hsa-miR-143-3p (cat. Y M00470035-ADB) and
miRNA negative control miRCURY LNA (cat. YM00479902-ADB) were purchased
from Qiagen. The negative control is a non-specific miRNA that shows no homology to
any known miRNA or mRNA sequences in mouse, rat or human. HeLa cells were reverse
transfected as previously described (78). Briefly, 25nM (final concentration) of miR-143-
3p mimic or miRNA negative control was mixed and incubated with HiPerFect
Transfection Reagent (Qiagen) for 10 min at room temperature to allow formation of
transfection complexes. The transfection complex was pre-spotted and uniformly
distributed in each well of a 24-well plate. Further, 3.5 x 10* HeLa cells/well were
incubated with these transfection complexes for 24 h in OptiMEM media. After 24 h,
media was removed, and cells were washed twice with PBS before infection with NMII
isolate at MOI of 100 in serum-free DMEM medium for two hours followed by washing
and replenishing the cells with serum-containing DMEM medium for subsequent

experiments at 48 hpi.

Intracellular growth assay

C. burnetii growth was quantified using gPCR and by quantifying colony-forming units
(CFUs) at 48 hpi from HeLa cells that were pre-transfected 24 h before infection with
miR-143-3p or miRNA negative control (26, 79). To quantify intracellular bacteria using
gPCR, cells were washed, and total DNA was extracted using QlAamp DNA Mini Kit
(Qiagen) according to the manufacturer’s instructions. 70 ng of total DNA was then
subjected to gPCR using CBU_tRNA-Glu-2-specific primers and SYBR Green, as
described previously (75). Ct values were converted to the bacterial genome equivalents
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(GE) using a standard curve to enumerate bacterial growth, as described previously (75,
80). Since qPCR based quantitation does not differentiate between live and dead cells, we
independently quantified viable intracellular bacteria by enumerating CFUs (79, 81).
Briefly, infected cells were washed and lysed in ice-cold water for 40 min at 4°C
followed by repeated pipetting with a syringe carrying a 25G needle to lyse the remaining
cells. The suspension was centrifuged for 10 min at 70 x g (4°C) followed by
centrifugation of the supernatant for 1 min at 13,500 x g (4°C). The pellet was
resuspended in ACCM-2, serially diluted and was spot-plated on ACCM-2 containing 0.5
mM tryptophan and 0.5% agarose as described by Sanchez et al., 2018 (79). Plates were

incubated for 10 days at 37°C, 5% CO3, and 2.5% O before counting the colonies.

Illumina sequencing, miRNA-target interactions, and pathway analysis
Macrophage-like THP-1 cells infected with NMII (MOI of 25) were analyzed at 8, 24,
48, 72, and 120 hpi for miRNA and mRNA expressions. At respective time-points post-
infection, the growth medium was replaced with 1ml of TRI reagent (Life Technologies)
and total RN A was extracted and purified by DNase treatment (Invitrogen) as per the
manufacturers’ instructions. Samples were sequenced using Illumina NovaSeq 6000 for
mRNAs and Illumina HiSeq 2500 for miRNAs at Yale Center for Genome Analysis or at
Novogene Corporation, Sacramento, CA. Differential gene expression analysis of genes
(encoding miRNAs, proteins, or long non-coding RNASs) was conducted using DESeq2
(82) after mapping the sequencing reads to the reference human miRNA (miRbase 22.1)
or genome (GRCh38) databases in CLC Genomics Workbench v6.5 (Qiagen).
Differentially regulated miRNA and mRNAs were calculated using log2 fold-change (>

79



0.75 or <£0.75) and an adjusted p-value < 0.05 compared to uninfected controls. Inverse-
expression pairings of differentially regulated miRNAs and mRNAs in THP-1 cells were
carried out using Ingenuity Pathway Analysis (IPA, Qiagen) based on known and
predicted miRNA-target interactions (MT]Is) followed by IPA core analysis of the

differentially expressed genes to find enriched pathways and upstream regulators (27).

Quantitative PCR (QRT-PCR)

Differential expression of 84 apoptosis-related miRNAs was confirmed using a gRT-PCR
array (Qiagen). Briefly, total RNA extracted from NMII-infected or uninfected THP-1
cells were reverse transcribed using a miScript Il RT kit followed by cDNA synthesis
from mature miRNAs using HiSpec buffer (Qiagen). Quantitative PCR reactions were
carried out on Stratagene Mx3005P according to the manufacturer’s instructions. Primers
for miR-143-3p (cat. MS00003514, Qiagen) and the endogenous reference small nuclear
ribonucleic acid RNUG6 (cat. MS00033740, Qiagen) were used to confirm miR-143
expression in hAMs. Raw data from the array were normalized using the global
quantitation cycle (Cq) mean of expressed miRNAs, and relative miRNA expression
levels were calculated by using the delta-delta Cq method (83).

Expressions of AKT1 and BCL2 were quantified using gRT-PCR on uninfected
or infected HelLa cells transfected with either miR-143-3p or control miRNA. Briefly,
total RNA was extracted, DNase treated, and cDNA was generated using RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific). To perform qgPCR, cDNA template was
diluted, and mixed with gene-specific primers and SYBR Green (Applied Biosystems) in

a 20ul reaction according to the recommended protocol (Applied Biosystems). The
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primers used in this experiment are in the supplementary (Table S5). Relative mMRNA

expression levels were calculated by using the delta-delta Cq method.

Apoptosis assay

Early apoptosis was quantified using flow cytometry on uninfected or NMII-infected
HeLa cells that were pre-transfected with miR-143-3p or miRNA negative control 24 h
before infection. After 48 h post-infection, cells were treated with trypsin, stained with
efluor780 Fixable Viability Dye (Invitrogen) for 30 minutes in dark (4°C), followed by
staining with Annexin V-PE (Invitrogen) for 15 minutes as per the recommended
protocol (Invitrogen). The cells were immediately assayed for early apoptosis (Annexin
V-PE*¢/eFluor780¢) and late apoptosis (Annexin V-PE¢/eFluor780*v¢) markers using
FACSAria Fusion flow cytometer (BD Biosciences). Fluorescence parameters were gated
using unstained and single-stained uninfected control cells and a total of 10,000 events

were counted for each sample using FACSDiva Software (BD Biosciences).

Autophagic flux assay

CYTO-ID Autophagy Detection Kit 2.0 (ENZ-KIT175, Enzo Life Sciences) was used to
quantify autophagic flux on uninfected or NMIl-infected HelLa cells that were pre-
transfected with miR-143-3p or miRNA negative control at 72 h post-transfection. Before
the assay, cells were treated with media containing 200 nM rapamycin for 16-18 hours to
induce detectable level of autophagy (84, 85). Post-treatment, cells were washed and
incubated for 30 minutes at 37°C in Microscopy Dual Detection Reagent containing
CYTO-ID green detection reagent and Hoechst 33342 nuclear stain in 1X assay buffer.
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At least 200 cells per well in triplicates were immediately analyzed at 20X magnification
with FITC and DAPI filters set in a Keyence fluorescence microscope. The level of
autophagic flux was reported as average CYTO-ID green brightness per cell following

the manufacturer’s instructions using Keyence BZ-X700 software (86, 87).

Multiplex immunoassay
Proteins involved in early apoptosis such as Akt (pS473), BAD (Serl112), Bcl-2 (Ser70),
p53 (Ser46), INK (Thr183/Tyr185), active Caspase-8 (Asp384), and active Caspase-9
(Asp315) were quantitated using 7-Plex Early Apoptosis Magnetic Bead Kit (EMD
Millipore). Total cell lysate from uninfected or NMlI-infected HeLa cells pre-transfected
with miR-143-3p or miRNA negative control was prepared using Lysis Buffer containing
protease inhibitors, followed by bicinchoninic acid (BCA) quantitation at 72 h post-
transfection. Briefly, 17.5 pg/well of diluted cell lysate was added with 1X magnetic
beads at 1:1 ratio in a 96-well plate. The plate was incubated on a plate shaker (4°C,
700 rpm, dark) for 18 hours, followed by washing and incubation with 1X Detection
Antibody for 60 min at RT with shaking (700 rpm, dark). The detection antibody was
then removed, and samples were incubated for 15 min at room temperature (RT) in the
dark with 1X Streptavidin-PE (SAPE), followed by 15 min incubation (RT, dark) with an
amplification buffer. SAPE and amplification buffer were removed, and beads were
resuspended in a 150 pl assay buffer to analyze median fluorescence intensity (MFI)
using a Luminex 200 system.

Cytokine levels were assessed in supernatants collected from HelLa cells pre-
transfected with miR-143-3p or miRNA negative control using Th1/Th2 Cytokine &
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Chemokine 20-Plex ProcartaPlex Panel 1 (Invitrogen) at 48 h post-transfection. The level
of 20 cytokines and chemokines (GM-CSF, IFN gamma, IL-1 beta, IL-2, IL-4, IL-5, IL-
6, IL-8, IL-12p70, IL-13, IL-18, TNF alpha, Eotaxin, GRO alpha, IP-10, MCP-1, MIP-1
alpha, MIP-1 beta, RANTES, and SDF-1 alpha) were quantified according to the
manufacturer's guidelines. Briefly, supernatants were centrifuged 10,000 x g for 10
minutes to remove particulate matter and stored at -80°C. In a 96-well plate, magnetic
beads were added in appropriate wells, washed, and 50 pL. of prepared antigen standards,
controls, or samples were added. The plate was shaken for 30 min at RT (500 rpm),
followed by overnight incubation at 4°C. After incubation, the plate was shaken for 30
min at RT (500 rpm), washed, and incubated with the detection antibody (30 min, RT,
500rpm). Then the plate was washed, incubated with SAPE (30 min, RT, 500rpm),
followed by washing and addition of 120 pL of reading buffer to analyze MFI in a

Luminex 200 instrument.

Quantitative mass spectrometry

To determine the proteins can be downregulated by miR-143-3p transfection, total cell
lysate from HeLa cells, reverse-transfected with miR-143-3p or control miRNA were
collected after 48h post-transfection in triplicates. TMT labeling and mass spectrometry
were performed by the OHSU proteomics core facility as described previously (88).
Briefly, samples were lysed, sonicated, and heated at 90c for 10 min followed by
overnight micro-digestion of each sample using S-trap micro protocol. Peptides were
labelled with TMT6-plex reagents, and multiplexed TMT -labeled samples were separated
by two-dimensional reversed-phase-reversed-phase (2DRPRP) liquid chromatography on
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Orbitrap Fusion Tribrid instrument (Thermo Scientific). Proteins were identified by
searching against the human proteome in UniProt, and TMT reporter ion intensities were
processed with in-house scripts. Differential protein abundance was determined by the

Bioconductor package edgeR.

Data availability
Sequencing reads from this study have been deposited at NCBI Sequence Read Archive

(SRA) under the BioProject accession PRINA679931.
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ABSTRACT

C. burnetii antagonizes the protective inflammatory response mounted by host alveolar
macrophages. For example, the pathogen can block the proinflammatory IL-17 signaling,
likely through its secreted effector proteins. In this study, we show that infection with C.
burnetii Dugway, an avirulent rodent isolate, triggers enhanced host response, including
activation of IL-17 signaling, compared to human isolates in primary human alveolar
macrophages, suggesting the prompt recognition of the rodent isolate by the human
innate immune response. In addition, several pro-survival pathways, including PI3K/Akt
signaling and autophagy signaling, were activated, whereas apoptosis signaling was
inhibited during infection. We further show that during infection chemokines and
cytokines that serve downstream to IL-17 signaling such as CCL3, CCL4, CCL5,
CXCL1, and IL1B were induced at the transcription level, and were secreted at a higher
level than in uninfected macrophages. This finding indicates that C. burnetii can tolerate
the activation of host IL-17 signaling and associated pro-inflammatory responses inside
the macrophages. Interestingly, single-cell investigation of inflammation-associated
pathways suggests that C. burnetii infection leads to a range of inflammatory states
among the subpopulations of infected macrophages, and some of these subpopulations

seem relatively more hospitable for bacterial growth than others.
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INTRODUCTION

After bacterial invasion, alveolar macrophages provide the first line of defense against
invading pathogens by mounting an effective antibacterial response (1, 2). These
monocyte-derived cells secrete distinct cytokines, including TNF-a, IL-1p, and IL-6, to
eliminate an invaded pathogen and further recruit other immune cells as part of their
initial acute inflammatory response (1, 2). However, intracellular bacterial pathogens
such as Coxiella burnetii have evolved sophisticated mechanisms to subvert the host
immune response (3). C. burnetii is the etiological agent of Q fever, a condition that can
manifest either as a self-limiting, acute flu-like illness or as a life-threatening chronic
disease such as endocarditis (4). Based on the distinct genomic characteristics and disease
presentations, different isolates of C. burnetii have been classified into different groups
(5, 6). NMI, NMII, and Graves isolates of C. burnetii are human isolates, whereas C.
burnetii Dugway is an avirulent rodent isolate. Compared to avirulent C. burnetii,
virulent isolates such as NMI strongly suppresses IL-1p production and NLRP3
inflammasome activation probably due to different LPS composition or secreted effectors

(1,7,8).

Shortly after inhalation, C. burnetii is phagocytosed by host alveolar macrophages
and starts replicating in acidic, Coxiella-containing vacuoles (CCVs) that mature after
fusion with endolysosomal, autophagic, and secretory vesicles (9). In order to overcome
the host antibacterial response, such as induction of a robust pro-inflammatory response,
C. burnetii is known to subvert host response through its virulence factors (10). For

example, C. burnetii causes the downregulation of specific inflammatory cytokines
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associated with IL-17 signaling by an undefined mechanism that may involve its secreted
effector proteins (11). Interestingly, C. burnetii produces a T4SS effector termed IcaA
that antagonizes NLRP3 inflammasome activation in murine macrophages (7). This “tug-
of-war” between the host and pathogen to regulate the inflammatory immune response
contributes to either successful infection or pathogen clearance (12, 13). However, the

contribution of host protective signaling to C. burnetii infection is not well elucidated.

To understand the various immune signaling pathways involved in C. burnetii
infection, we investigated the transcriptome of C. burnetii-infected macrophages. Our
data showed that C. burnetii Dugway, an avirulent rodent isolate, triggered an enhanced
host response compared to human isolates and several pro-inflammatory pathways such
as IL-17 signaling were activated in macrophages infected with any of these C. burnetii
isolates. Further, a single-cell scale investigation suggests that C. burnetii induces a
range of inflammatory states in different subpopulations of infected macrophages that can

contribute to a heterogeneous host response to the pathogen.
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RESULTS

C. burnetii Dugway infection elicits an enhanced host response.

To evaluate the macrophage responses to C. burnetii infection, we first performed gene-
expression profiling using RNA-Seq in primary human alveolar macrophages (hAMs)
infected with one of the four isolates of C. burnetii at 72 h post-infection (Table 1) (5, 14,
15). Our analysis of differentially expressed genes (DEGS) in infected cells compared to
uninfected cells (log2fc > 0.75, padj < 0.05; n = 3) showed that hAMs infected with C.
burnetii Dugway elicited the highest number of differentially expressed genes (772)
compared to hAMs infected with NMII (365), NMI (268) or C. burnetii Graves (315)

isolates (Figure 1, Table 2 and S1).
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Table 1. Features of C. burnetii isolates used in this study.

human heart
valve, 1981 (5,

6)

Isolate Origin Virulence Disease Group
caused in
human
NMI Montana, tick, Virulent Acute I
1935 (5, 6)
NMII Montana, tick, Avirulent N/A I
1935 (5, 6)
Dugway Utah, rodents, Avirulent N/A VI
1958 (5, 6)
Graves Nova Scotia, Virulent Endocarditis I
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Table 2. Number of differentially expressed genes (log2fc > 0.75, padj < 0.05) in human

alveolar macrophages (hAMs) infected with different isolates of C. burnetii.

Total Upregulated Downregulated
NMI-infected hAMs 250 116 134
NMIl-infected hAMs 332 141 191
Dugway-infected hAMs | 672 227 445
Graves-infected hAMs 266 106 160
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Figure 1. Infection with C. burnetii Dugway isolate elicits an enhanced host response
compared to hAMs infected with human isolates at 72 hpi. (A) Venn diagram showing
overlaps of all significantly up- and down-regulated genes in primary human alveolar
macrophages (hAMs) infected with NMII, NMI, Dugway, or Graves isolates of C. burnetii
compared to uninfected cells (-0.75 < log2fc > 0.75, padj < 0.05; n = 3). (B) Volcanic plot
representation of differentially expressed genes showing top 20 highest significantly
expressed genes in primary human alveolar macrophages infected with NMII, NMI,
Dugway, or Graves isolates of C. burnetii compared to uninfected cells. Red points show
upregulated while blue corresponds to downregulated gene expression compared to the
uninfected control. The x-axis shows the magnitude of fold change (log2fc > 0.75, padj <

0.05; n = 3) and y-axis corresponds to statistical significance (-log10 of p value).
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Host inflammatory and pro-survival pathways are augmented in C. burnetii infection
To elucidate the functional implications of DEGs, we performed pathway enrichment
analysis in each of the infections using Ingenuity Pathway Analysis (IPA). This analysis
showed activation of pro-inflammatory signaling (including IL-17 signaling, IL-6
signaling, TREM1 signaling, hypercytokinemia/hyperchemokinemia, and differential
regulation of cytokine production) in each of the four infections in hAMs compared to
uninfected control (z-score > 1.5 or < -1.5, p < 0.05) (Figure 2, Table 3 and S3).
Interestingly, IL-17 and IL-6 are known to play a protective pro-inflammatory role against
many intracellular pathogens (11, 16-19), therefore activation of IL-17 and IL-6 signaling
in C. burnetii infected macrophages suggests an early protective immune response.
Similar to data from hAMs, NMlI-infected THP-1 cells (as mentioned in Chapter
I1) show significant activation of many pro-inflammatory pathways (Figure 3, Table S2).
These signaling pathways include activation of cytokines-related pathways such as IL-17
signaling, IL-6 signaling, TREML1 signaling, hypercytokinemia/hyperchemokinemia, and
differential regulation of cytokine production. THP-1 cells infected with NMII isolate also
showed a high degree of overlap in the inflammatory signaling with infected hAMs (Table
S3). These observations suggest that THP-1 cells respond similarly to Coxiella infection
as alveolar macrophages; consequently, we utilized THP-1 cells for subsequent
experiments (1, 20). In addition, THP-1 cells showed activation of pro-survival pathways,
such as including PI3K/Akt signaling, autophagy, toll-like receptor signaling (21), TGF-p
signaling (22), JAK/STAT signaling (23), STAT3 pathway (24), MAPK signaling (25), as
well as inhibition of apoptosis signaling (26) that have previously been reported to be

involved C. burnetii infection. These data also reveals putative roles for a few intracellular
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pathogen-influenced signaling pathways such as activation of Wnt/Ca+ pathway and

ferroptosis signaling that are unknown in the context of C. burnetii infection (27, 28).
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A. NMII-infected hAMs
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B. NMI-infected hAMs
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C. Dugway-infected hAMs
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D. Graves-infected hAMs

Role of Hypercytokinemia/hyperchemokinemia in the Pathogenesis of Influenza

Differential Regulation of Cytokine Production in Intestinal Epithelial Cells by IL-17A and IL-17F
Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL-17A and IL-17F
Role of IL-17A in Psoriasis

IL-6 Signaling

TREM1 Signaling

Hepatic Fibrosis Signaling Pathway

Neuroinflammation Signaling Pathway

Coronavirus Pathogenesis Pathway

Production of Nitric Oxide and Reactive Oxygen Species in Macrophages

Role of IL-17F in Allergic Inflammatory Airway Diseases

IL-17 Signaling

I T T 1
0 1 2 3

Activation z-score

Figure 2. IL-17 signaling is perturbed by each isolate of C. burnetii. Pathway
enrichment analysis of hAMs infected with (A) NMI, (B) NMII, (C) Dugway, and (D)
Graves isolates. Orange bars show a positive z-score (activation) while blue corresponds

to a negative z-score (inhibition) in Ingenuity Pathway Analysis (1.5 < z-score < —1.5).
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NMII-infected THP-1s

Hypercytokinemia/hyperchemokinemia ==
Neuroinflammation Signaling Pathway ==
IL-8 Signaling ==

B Cell Signaling Pathway ==

IL-17 Signaling ==

B Cell Receptor Signaling ==

Colorectal Cancer Metastasis Signaling =
Adrenomedaullin signaling pathway ==
Hepatic Fibrosis Signaling Pathway ==
NF-kB Activation by Viruses ==

Inhibition of Matrix Metalloproteases ==
Apoptosis Signaling ==

Eicosanoid Signaling ==

Role of BRCA1 in DNA Damage Response ==
PPARa/RXRa Activation ==
Estrogen-mediated S-phase Entry =

PTEN Signaling ==

PPAR Signaling ==

Kinetochore Metaphase Signaling Pathway =

Cell Cycle Control of Chromosomal Replication ==

1 1 | 1
-10 -5 0 5 10

Activation z-score

Figure 3. Pathway enrichment analysis of THP-1 infected with NMII isolate shows
activation of 1L-17 signaling. The figure shows the top 20 enriched pathways in infected
cells (Table S3). Orange bars show a positive z-score (activation) while blue corresponds

to a negative z-score (inhibition) in ingenuity pathway analysis (1.5 < z-score < —1.5).
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Table 3. List of enriched pathways in primary human alveolar macrophages (hAMSs)
infected with different isolates of C. burnetii. Here, the z-score infers the activation states

of pathways based on comparison with a model that assigns random regulation directions.

Ingenuity Canonical NMII- NMI- DUG- GRA-

Pathways hAMs hAMs hAMs hAMs
(zScore) (zScore) (zScore) (zScore)

IL-17 Signaling 2.333 1.633 2.500 1.667

Role of IL-17F in Allergic 2.449 2.000 1.890 2.000

Inflammatory Airway

Diseases

Role of IL-17A in Psoriasis | 2.449 2.236 2.646 2.449

TREML1 Signaling 2.000 2.236 3.000 2.236

IL-6 Signaling 1.633 2.236 2.309 2.236

Differential Regulation of 2.236 2.449 2.646 2.449

Cytokine Production in

Macrophages and T Helper

Cellsby IL-17A and IL-17F
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Differential Regulation of 2.449 2.449 2.449 2.449
Cytokine Production in

Intestinal Epithelial Cells by

IL-17A and IL-17F

Role of 2.828 2.646 3.000 2.646

Hypercytokinemia/hyperche
mokinemia in the

Pathogenesis of Influenza
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IL-17 signaling likely drives the inflammatory response to C. burnetii infection

Pathway enrichment analyses of C. burnetii-infected macrophages showed that IL-17
signaling is among the top activated signaling pathways in each of the infections (Figure
3, Table S3). IL-17, a member of the IL-17 family of pro-inflammatory cytokines, induces
the expression of pro-inflammatory cytokines or chemokines in many cell types (29).
Therefore, to understand the effect of IL-17 signaling on the inflammatory response to C.
burnetii, we performed a pathway reconstruction analysis of this signaling pathway to
identify the IL-17 signaling-associated proteins or pathways that may participate in C.
burnetii infection (Figure 4). We found that genes downstream of IL-17 signaling were
consistently upregulated in C. burnetii-infected hAMs or THP-1 cells (Table S1 and S2).
The upregulated genes encode numerous chemokines (CCL3, CCL4, CCL5, CXCL1,
CXCL3, CXCLS8) and cytokines (IL1B, EBI3) that can recruit immune cells or mount
proinflammatory host response at the site of intracellular bacterial infection in an attempt

to control the infection (29-36).
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Figure 4. IL-17 signaling pathway. IL17A and IL17F form either homodimers or
heterodimers that bind to the ILL7RA/IL17RC receptor complex to activate downstream
signaling cascades. Actl, an interleukin-17-receptor-complex adaptor, activates
independent signaling mechanisms by activating different TRAF proteins. Activated
TRAF6 triggers NF-xB, MAPK and C/EBPB pathways. Additionally, IL-17R-Actl
complex leads to the activation of ERK5 via TRAF4. These signaling cascades, in turn,
result in induction of chemokines/cytokines, production of antimicrobial peptides, and
tissue remodeling. [TRAF: TNF receptor associated factor, ERK: extracellular signal
related kinase, PI3K: Phosphoinositide 3-kinases, JAK/STAT: Janus Kinase/Signal
Transducer and Activator of Transcription, gsk3p: Glycogen Synthase Kinase 3 Beta,
C/EBPB: CCAAT-enhancer-binding proteins, NF-xB: Nuclear Factor kappa-light-chain-

enhancer of activated B cells, MAPKG6: Mitogen-Activated Protein Kinase 6].
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Infected macrophages show enhanced secretion of several proinflammatory cytokines
To assess the cytokines associated with C. burnetii infection, we measured the level of 20
cytokines/chemokines in the supernatants collected from infected and uninfected THP-1
cells (Figure 5, Table S4) at 48 h, 72h, and 120 h post-infection (hpi) (37). Additionally,
THP-1 cells were separately treated with Escherichia coli LPS and ATP for 30 minutes to
serve as positive controls. This cytokine secretion assay revealed that at 48 hpi, secretion
of CXCL12, CXCL10, CSF2, and 1L18 were significantly upregulated in NMlII-infected
cells compared to uninfected controls. At 72 hpi, the level of CCL3, CCL4, and CXCL10
were upregulated while IL12A was downregulated compared to control. Finally, at 120
hpi, upregulation of CCL2, CCL3, CCL4, CCL5, CXCL1, CXCL10, and IL1B was

observed (Figure 5).

118



A. Cytokines

IFNy (IFNG) IL-18 (IL1B)

GM-CSF (CSF2)

*
* .@v
fe)
7
e
o
(4
5%
P
i
n\%h
I %
s L X\V‘
| < 7 I 1 1
0 o © <+ o o

x
I R
o 4
< © @
(jonuoo pajajuiun 0} pasedwoo)
abueyo-pjo}
K
QA.\Q
) o
2,
(4
<
#
k7
m\%u
*
%
X
T T T 1 &
© - o~ o *
(jonuod pajosuiun o} pasedwod)
abueyo-pjo}
e
c.v%
<
k7
(4
=
* E
\QW\%
I i
g
7 AT
O_ n_v % © <+ N ©o b
(=1 o o
™ o -

(jonuoo pajosjuiun 0} pasedwod)
abueyo-p|o}

IL-5 (IL5)

IL-4 (IL4)

IL-2 (IL2)

p
Q@Q
<
2
(4
<
A
b
v&u
X %
.Amw.m.
I 1 1 1
© - o~ o >
(jouoa pajosjuiun o} pasedwod)
abueyo-pjoy
2
Qv@
o
k3
(4
<
o
A\%v
%
O.M X
T T T 1 &
© < o~ o >
(jouo2 pajosjuiun 0} pasedwoo)
abueyo-p|oy
A
QQQ
<
#
o
(4
n«ﬂ
7
v%.u
*
Qzﬂ X
T T T 1 &
© < o~ =} >
(jonuoo pajosjuiun 0} pasedwod)
abueyo-pjo}

119



IL-12p70 (IL12A)

CXCLS (IL-8)

IL-6 (IL6)

*
*
*
I 1 1
© < o~
(jonuoo pajosjuiun o} pasedwod)
abueyo-pjo}
*
*
1 I I
[(s] < o~
(josyuoo pajosyulun o) pasedwon)
abueyo-pjoy
*
il
s L
P11 | I
o o o o o © <+ o
(=] o (=] (=1 o
@ M~ ©o w s

(jonuco pajoajuiun o} pasedwod)
abueyo-ploy

& @
ﬂv S

>
‘(\Q
W

P

£

IL-18 (IL18) TNFa (TNF)

IL-13 (IL13)

-
qu
3
.\Q
(4
e
s
Qm\%
% A
i y
* s L Vw
rrrrz-rrr1 §
oo oo oo © T ™ o ’
(=T I =Ty B = T+ ]
n < T M MO N
(jonuod pajpsjuiun 0} pasedwos)
abueya-pio}
K
om.e
<z
p
4
(4
. 2
p
%
€
1l %
7 AT vx,o
Lo e s v
A o« (3] o™
(jonuoo pajosjuiun o) pasedwiod)
sbueyo-pioy
K
OWQ
<
o
(4
<
£
@
v%u
£
%,
1 1 T IS
© < ™~ o %
(jonuoa payoajuiun o) pasedwoa)
abueyo-pjo}

120



B. Chemokines
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Figure 5. Infected macrophages show enhanced secretion of several proinflammatory
cytokines associated with 1L-17 signaling. Quantification of (A) 12 cytokines and (B)
chemokines released from NMII-infected THP-1 cells was carried out using Th1/Th2
Cytokine & Chemokine 20-Plex ProcartaPlex Panel 1 (Invitrogen). In addition, the cells
were separately treated with 200 ng/mL of E. coli LPS for 3 h and 5 mM ATP for 30
minutes that served as the positive control for proinflammatory cytokine secretion.
Pairwise comparisons of raw expression values were done using two-tailed paired t-test,
followed by Welch’s correction for each of the 20 cytokines measured in this assay (*p <

0.05, **p < 0.01, ***p < 0.001, ****p <0.0001; n = 3).
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Inflammatory pathways show transcriptional heterogeneity in infected
subpopulations

Macrophage infection with C. burnetii has previously been shown to result in an atypical
macrophage polarization pattern that comprises signatures of both pro-and anti-
inflammatory host responses (38). We performed single-cell transcriptome analysis after
sorting GFP-tagged Coxiella-infected (GFP-pos), bystander (GFP-neg), and uninfected
(control) macrophage-like THP-1 populations at 48 hpi (39). Pathway analysis of genes
differentially expressed (log2fc > 0.75, p < 0.05) in each subpopulation (cluster) of GFP-
pos cells showed a significant difference in the activation states of inflammation-
associated pathways unlike the subpopulations of bystander or uninfected cells (Figure 6,
Table S5). Interestingly, cluster 7 of GFP-pos cells showed a significant contrast with
cluster 2 as several proinflammatory signaling pathways in cluster 7 were activated
(positive z-score) relative to all other GFP-pos clusters but the same pathways were
inhibited (negative z-score) in cluster 2. A variation in the CXCR4 signaling was found

in all three populations, perhaps due to preexisting macrophage heterogeneity (40-43).

123



A. Infected (GFP-pos) cells

-SNE2

30

Cluster | 21.7%)
Cluster 2 (18.6%)
Cluster 3 (18.4%)
Cluster 4 (17.0%)
Cluster § (9.7%)
Cluster 6 (87%)
Cluster 7 (58%)

-10

-0

-10 0

t+-SNEI

B. Bystander (GFP-neg) cells

-SNE2

»
1} ﬂnﬁ\

t-SNE!

* Clsier (7

L AT

CXCR4 Signaling
Chemokine Signaling

PI3K Signaling

LPS-stimulated MAPK Signaling
NF-KkB Activation

INOS Signaling

1L-6 Signaling

IL-2 Signaling

Toll-like Receptor Signaling
HIF1a Signaling

Ferroptosis Signaling

Hypercytokinemiafhyperchemokinemia

IL-3 Signaling
GM-CSF Signaling
Production of NO and ROS

CXCR Signaling
Chemokine Signaling

PI3K Signaling

LPS-stimulated MAPK Signaling
NF-k8 Activation

iNOS Signaling

IL-6 Signaling

IL-2 Signaling

Tolllike Receptor Signaling
HIF1a Signaling

Farroplosis Signaling

Hypercytokinemia/hyperchemakinemia

IL-3 Signaling
GM-CSF Signaling
Production of NO and ROS

cl.pos c2pos c3.pos cd.pos

cineg c2neg c3.neg

c5.pos c6.pos c7.pos

ch.neg

csneg  chneg

2

0 Actvation
Z- score

2

4

2

() Activation
2- 5C0Me

-2

124



C. Uninfected cells
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Figure 6. Single-cell analyses show transcriptional heterogeneity within infected
cells compared to bystander or uninfected cells. Clustering of cells by t-distributed
stochastic neighbor embedding (t-SNE) and pathway enrichment analysis (showing
enriched inflammation-associated pathways) revealed transcriptional heterogeneity
among ~1000 THP-1 cells at 48 hpi in (A) infected (GFP-pos), (B) bystander (GFP-neg),
and (C) uninfected THP-1 cells. The x-axis on the heatmaps show the clusters or
subpopulations of the host cells (letter “c” denotes the cluster), and y-axis corresponds to
the pathways that are associated with the inflammation. The red blocks show a positive z-
score (activation) while green corresponds to a negative z-score (inhibition) in ingenuity

pathway analysis (1.5 < z-score < —1.5).
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DISCUSSION
In this study, we first performed gene expression profiling to assess the human
macrophage response to four different isolates of C. burnetii, as shown in Table 1 (5).
Unlike human isolates (NMI, NMII, and Graves), the C. burnetii Dugway isolate has a
large genome that has not undergone significant levels of genome reduction (44). We
found that macrophages infected with human isolates show a similar number of
differentially expressed genes compared to uninfected cells. In contrast, C. burnetii
Dugway, an avirulent rodent isolate, elicited the highest number of differentially
expressed genes. Virulent C. burnetii has been suggested to escape or antagonize the
inflammatory response probably by LPS-mediated shielding of bacterial surface proteins
from the immune recognition or through its type 1V secretion system (T4SS) effectors (7,
45). Therefore, it appears that C. burnetii Dugway isolate fails to suppress the robust
host inflammatory response, and being a rodent isolate gets promptly recognized by the
human immune response (14). The larger genome size of certain C. burnetii isolates has
been previously suggested to be associated with reduced virulence compared to others
(14). In support of this hypothesis, our data shows that in C. burnetii Dugway-infected
cells, activation of several host inflammatory pathways is much higher than infection
with other human isolates (Figure 3). Further, the subtle differences observed in hAMs
response to different human isolates could be due to the isolate-specific composition of
lipopolysaccharide or secreted effector proteins (46).

Investigation of enriched pathways in C. burnetii-infected macrophages showed
activation of multiple inflammatory pathways, including IL-17 signaling, among the top
enriched pathways that are common to all infections (Figure 2, Table S3). IL-17 is a pro-
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inflammatory cytokine that acts in concert with tumor necrosis factor (TNF) and IL-1
and induces the expression of pro-inflammatory cytokines by activating TRAF (TNF
receptor associated factor) and PI3K/AKT signaling (16, 29, 47, 48). IL-17 is known to
provide a protective immune response against several intracellular pathogens, including
Legionella pneumophila, Mycobacterium tuberculosis, and Francisella tularensis (49—
51). After the binding of this cytokine to its receptors, Actl, an interleukin-17-receptor-
complex adaptor, activates several independent signaling mechanisms by activating
TRAF (TNF receptor associated factor) and PI3K/AKT signaling (29, 47) (Figure 4).
These signaling cascades, in turn, lead to the induction of chemokines/cytokines,
production of antimicrobial peptides, and tissue remodeling (29).

Our data suggest that several chemokines and cytokines that serve downstream to
IL-17 signaling (CCL3, CCL4, CCL5, CXCL1, and IL1B) were induced at the
transcriptional level and were secreted by Coxiella-infected macrophages compared to
uninfected macrophages. The induction of these genes may either promote a pro-
inflammatory response or attract a variety of other immune cells such as T cells, B cells,
neutrophils, and dendritic cells to the site of infection to limit the intracellular growth of
C. burnetii (52-54). Intriguingly, Clemente et al. (11) have previously shown that C.
burnetii reduces the expression of IL-17 downstream signaling molecules (IL1A, IL1B,
TNF, CXCL2, CCL5, and LCN2) compared to T4SS mutant, enabling the pathogen to
block IL-17 mediated pro-inflammatory response. Therefore, it seems that despite the
strong activation of host pro-inflammatory response, C. burnetii might promote its
survival through T4SS effector proteins that can antagonize IL-17 signaling or can escape

from the effect of immune recognition.
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C. burnetii stimulates atypical macrophage polarization with signatures of both
the proinflammatory M1 and anti-inflammatory M2 polarization states (38). How the host
macrophages account for such heterogeneous polarization in C. burnetii infection is
poorly understood. Our data show high variability in gene expression and associated
pathways in the infected cell populations compared to the bystander and uninfected
populations, suggesting that C. burnetii infection elicits heterogeneous cellular responses.
Intracellular bacteria such as Salmonella have been shown to have heterogeneous
metabolism and growth rates (phenotypic heterogeneity), shaping the heterogeneous
macrophage response (55). Moreover, analysis of inflammation-associated pathways in
individual clusters of the infected population indicates that subpopulations of these cells
display a spectrum of pro- to anti-inflammatory states that may probably be tied to the
phenotypic heterogeneity of the pathogen, as found in the case of Salmonella-infected
macrophages (56, 57). Activation of inflammation-associated pathways (positive z-score)
as shown in cluster 7 of GFP-pos cells (Figure 6A) are known to inhibit the growth of
intracellular bacterial pathogens and the inhibition of several of these pathways in cluster
2 suggests that some subpopulations of infected macrophages are likely more pathogen-
friendly than others (38).

Besides the activation of pro-inflammatory signaling, the pathway enrichment
analysis identified several pro-survival pathways known to support C. burnetii growth.
This analysis also identified a few unexplored pathways in the context of C. burnetii
infection, such as activation of the Wnt/Ca+ pathway and ferroptosis signaling. For
instance, Ehrlichia chaffeensis, an obligate intracellular pathogen from the order

Rickettsiales, secretes tandem repeat protein (TRP) effectors to induce Wnt signaling
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pathways that promote phagocytosis (27). The role of ferroptosis during infection is not
well understood; however, during infection with Mycobacterium tuberculosis, induction
of ferroptosis has been shown to drive tissue necrosis, possibly to allow the bacteria to
spread to other cells (28). Most aspects of C. burnetii infection are not clearly
understood, including how the pathogen spreads from one cell to another; hence, a
functional investigation of these pathways could advance our understanding of host-C.

burnetii interactions.

MATERIALS AND METHODS

Bacterial isolates and infection

Primary human alveolar macrophages (hAMs) were harvested by bronchoalveolar lavage
(BAL) from postmortem human lung donors and infected with NMI, NMII, Dugway, or
Graves isolates at 25 MOI (multiplicity of infection), as previously described (58). hAMs
were cultured at 37°C under 5% CO2 in Dulbecco’s modified Eagle/F-12 (DMEM/F12)
medium (Gibco) containing 10% FBS for 72 h post-infection, at which point they were
harvested for analyzing gene expression. C. burnetii Nine Mile RSA439 (Phase 11, Clone
4) isolate (NMII) or an isogenic GFP-tagged isolate (59) was cultured in acidified citrate
cysteine medium-2 (ACCM-2) for 7 days at 37°C, 5% CO3, 2.5% O (60). Bacteria were
quantified using PicoGreen (61), concentrated by centrifugation (3000xg, 10min, 4°c),
and resuspended in PBS containing 0.25 M sucrose (PBSS) and stored at —80°C until
further use. Before infection, THP-1 cells (American Type Culture Collection, TIB-202)
were differentiated in complete RPMI medium i.e. RPMI-1640 medium supplemented

with 1 mM sodium pyruvate, 0.05 mM beta-mercaptoethanol, 4500 mg/L glucose, and
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10% heat-inactivated fetal bovine serum (FBS) at 37°C under 5% CO; for 24 h using 30
nM phorbol 12-myristate 13-acetate (PMA), followed by 24 h of rest in PMA-free
medium to differentiate cells into adherent, macrophage-like cells. Cells were infected
with NMII at a multiplicity of infection (MOI) of 25 in serum-free medium for two hours
and this time-point was considered to be 0 h post-infection (hpi). To remove
extracellular bacteria, cells were washed three times with PBS followed by replacement
with complete growth medium. This medium was replaced with the fresh complete

growth medium at 72 hpi for subsequent experiments.

Illumina sequencing and pathway analysis

hAMs or macrophage-like THP-1 cells infected with Coxiella burnetii were analyzed at
72 h post-infection (hpi) to quantify gene expression. At this time-point, the growth
medium was replaced with 1ml of TRI reagent (Life Technologies), and total RNA was
extracted, and DNase treated (Invitrogen) as per manufacturer’s instructions. Samples
were sequenced using the Illumina NovaSeq 6000 platform at Yale Center for Genome
Analysis, New Haven, CT. Differential gene expression analysis was performed using
CLC Genomics Workbench v6.5 (Qiagen) and DESeq2 (62) after mapping the
sequencing reads to the reference human genome (GRCh38) databases in CLC Genomics
Workbench v6.5 (Qiagen). Differentially regulated genes were calculated using log2
fold-change > 0.75 and an adjusted p-value < 0.05 as cutoffs, compared to uninfected
controls. Core analysis of the differentially expressed genes to find the enriched pathways

was performed using Ingenuity Pathway Analysis (IPA, Qiagen) (63).
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Cytokine secretion assay

PMA-differentiated THP-1 cells were infected with NMII at an MOI of 25. In addition, the
cells were separately treated with 200 ng/mL of E. coli LPS for 3h and 5 mM ATP
(Adenosine 5'-triphosphate disodium salt hydrate; Sigma-Aldrich) for 30 min as the
positive control for proinflammatory cytokine secretion. Cytokine levels were assessed in
supernatants collected from THP-1 cells using Th1/Th2 Cytokine & Chemokine 20-Plex
ProcartaPlex Panel 1 (Invitrogen) at 48, 72, and 120 hpi. The levels of 12 cytokines [GM-
CSF (CSF2), IFNy (IFNG), IL-1B (IL1B), IL-2 (1L2), IL-4 (IL4), IL-5 (IL5), IL-6 (IL6),
CXCL8 (IL-8), IL-12p70 (IL12A), I1L-13 (IL13), IL-18 (IL18), TNFa (TNF)] and eight
chemokines [(CCL11), GROa (CXCL1), IP-10 (CXCL10), MCP-1 (CCL2), MIP-1a
(CCL3). MIP-1p (CCL4), RANTES (CCL5), SDF-la (CXCL12)] were quantified
according to the manufacturer's guidelines. Briefly, supernatants were centrifuged
10,000xg for 10 minutes to remove particulate matter and stored at -80°C till further use.
In a 96-well plate, magnetic beads were added in appropriate wells, washed, and 50uL of
prepared antigen standards, controls, or samples were added. The plate was shaken for 30
min at RT (500 rpm), followed by overnight incubation at 4°C. After incubation, the plate
was shaken again for 30 min at RT (500 rpm), washed with 1X Wash Buffer, and incubated
with the detection antibody (30 min, RT, 500 rpm). Then the plate was washed with 1X
Wash Buffer, incubated with Streptavidin-Phycoerythrin (SAPE; 30 min, RT, 500rpm),
followed by washing and addition of 120 pL of reading buffer to analyze median
fluorescence intensity (MFI) within 30 minutes after the addition of reading buffer in a

Luminex 200 instrument.
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Single-cell sequencing

Fluorescence-activated cell sorting (FACS) of GFP-tagged Coxiella-infected and
uninfected THP-1 cells was conducted at 48 hpi to separate infected (GFP-pos), bystander
(GFP-neg), and uninfected (control) cells in BD FACSAria Fusion instrument. Single cell
RNA-seq libraries were generated at Yale Center for Genome Analysis, New Haven, CT
from at least 1000 cells each from GFP-pos, GFP-neg, and uninfected samples by capturing
individual cells inside gel beads in emulsion (GEM) using single cell 3 v3 chemistry (10X
Genomics). Single cell sequencing reads were processed for quality control and analyzed
to compare cell clustering and differential gene expression within each population using
Cell Ranger 3.1 pipeline (39). Single cell clusters were visualized using tSNE analysis
using Loupe Cell Browser (10X Genomics) and log2 fold-change was defined as the ratio
of UMI (unique molecular identifier) counts in each cluster relative to all other clusters
(log2 fold-change > 0.75 and p-value < 0.05). Differentially regulated genes in each cluster

were analyzed using IPA to identify enriched pathways.

Data availability
Sequencing reads from this study have been deposited at NCBI Sequence Read Archive

(SRA) under the BioProject accession PRINA679931.
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Chapter 1V

Gallium-Protoporphyrin IX inhibits Coxiella burnetii growth
The findings from this chapter are published as part of the following article:
Brenner AE, Mufioz-Leal S, Sachan M, Labruna MB, Raghavan R. 2021. Coxiella

burnetii and related tick endosymbionts evolved from pathogenic ancestors. Genome Biol
Evol, Volume 13, Issue 7, July 2021, evab108, https://doi.org/10.1093/gbe/evab108
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ABSTRACT

Q fever is a global health threat caused by Coxiella burnetii, a highly infectious and
environmentally stable intracellular pathogen. Due to the emergence of antibiotic
resistance isolates and the need for effective treatment regimens to control chronic C.
burnetii infections, there is an urgent need to develop new antimicrobial agents against
the Q fever agent. Iron acquisition strategies are attractive targets for antimicrobial agents
as many intracellular pathogens rely on host iron or iron-containing proteins such as
heme during infection. In this study we explored C. burnetii’s dependence on heme by
treating both axenically grown and intracellular bacteria with gallium-protoporphyrin IX
(GaPPIX), a heme analog that can replace heme in heme-containing enzymes. Our results
demonstrate that GaPP1X inhibits C. burnetii growth at very low concentrations without
compromising host cellular viability. The antibacterial activity of GaPPIX warrants
further investigation to identify the targets of this molecule and the potential application

of heme analogs to treat C. burnetii infections.
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INTRODUCTION

The Q fever pathogen Coxiella burnetii is widespread among livestock worldwide (1).
Although antibiotic treatment exists for the acute infection, chronic Coxiella infections
leading to endocarditis and chronic fatigue syndrome are difficult to treat and require 1.5
to 3 years long doxycycline and hydroxychloroquine treatment. In addition, antibiotic
resistance isolates of Coxiella are becoming more prevalent (2). Thus, there is an urgent

need to develop new anti-Coxiella agents (1, 3).

During infection, both intracellular bacterial pathogens and their host cells
typically compete for nutrients such as iron and heme, an iron-protoporphyrin molecule,
to support their growth and survival (4). Bacterial pathogens have evolved different
strategies to scavenge host iron either in its free or bound form, as in hemoglobin and
transferrin, to promote their intracellular growth (5). Therefore, bacterial iron and heme
acquisition mechanisms have emerged as attractive targets for the development of new
antimicrobial agents such as iron chelator and Gallium [Ga(lll)], an iron mimic (6-9).
For example, DIBI (3-hydroxypyridin-4-one chelator) is an iron chelator that restricts the

host iron availability to Acinetobacter baumannii and inhibits its growth in mice (10).

Host iron has been shown to support intracellular replication of C. burnetii, and
this bacterium loses its viability upon iron starvation (11). C. burnetii expresses a ferrous
iron uptake transporter that can import ferrous iron (11). This ferrous iron is likely
released from host iron-containing molecules under acidic conditions (11-13). In
addition, C. burnetii is not known to harbor genes encoding any iron chelators or a

transporter for ferric ions and iron-containing proteins (11).
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Gallium (Ga) interferes with bacterial iron utilization because it binds with high
avidity to iron-binding proteins to disrupt their functions (14). Unlike iron, Ga cannot
reduce under physiological conditions resulting in inhibition of catalytic activities of
many iron-containing proteins (15). Due to its ability to affect iron metabolism, Ga and
its derivatives have been reported to inhibit the growth of intracellular pathogens,
including Francisella tularensis and Pseudomonas aeruginosa (9, 16-18). Ga disrupts
iron uptake by Francisella strains by chelating to iron-binding lactoferrin and transferrin
in a murine pulmonary infection model (17). Gallium nitrate and gallium maltolate have
been shown to exhibit bacteriostatic effects against ESKAPE pathogens such as P.
aeruginosa and Acinetobacter baumannii (9). Intriguingly, gallium-protoporphyrin X
(GaPPIX), a Ga-containing heme analog, can inhibit P. aeruginosa by exerting
bactericidal activities and targeting heme-dependent cytochrome (9). Combination of

GaPPIX with gallium nitrate shows a synergistic effect against P. aeruginosa (19).

In this project, we explored C. burnetii’s dependence on heme by treating both
axenically grown and intracellular C. burnetii with GaPPI1X. GaPPIX is known to exploit
heme-uptake routes to enter bacterial cells, where it could substitute for heme in heme-
containing proteins such as cytochromes, catalases, and peroxidases to perturb vital
cellular functions (20, 21). GaPPIX was demonstrated to inhibit C. burnetii growth at
very low concentrations without compromising host cellular viability, indicating that

gallium compounds could potentially be used to treat C. burnetii infections.
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RESULTS

GaPPIX inhibits C. burnetii growth in axenic conditions

To investigate the effect of perturbing the functions of heme-containing proteinsin C.
burnetii, we tested increasing concentrations of GaPP1X on C. burnetii grown in the
axenic ACCM-2 medium. Measurement of the bacterial growth showed that 250 nM of
GaPPIX caused significant inhibition of C. burnetii growth in ACCM-2 compared to the
mock-treated control. At 72 h post-treatment, 8 UM of GaPPIX resulted in almost 3-fold

growth inhibition compared to control (Figure 1).
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Figure 1. GaPPIX inhibits axenic growth of C. burnetii. Bacteria growing in ACCM-2
were exposed to concentrations of GaPP1X shown on x-axis and were quantified using
PicoGreen at 8 h, 24 h, 48 h, and 72 h post-treatment. Data shown are mean fluorescence
intensity (+ SE) compared to the vehicle control (dimethyl sulfoxide, no GaPP1X).
Statistical significance was analyzed using two-way repeated measures ANOVA

followed by Dunnett's test (*p < 0.01, **p <0.001, ***p <0.0001; n = 5).
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GaPPIX inhibits intracellular growth of C. burnetii

To determine whether GaPP1X has any impact on the growth of C. burnetii within
macrophages, we measured the effect of several concentrations of GaPPIX on actively
replicating C. burnetii inside THP-1 cells. Treatment with 2 uM of GaPPIX resulted in
significant growth impairment of C. burnetii within THP-1 cells at 72 h post-treatment.
When exposed to 8 UM of GaPPI X, the growth was reduced ~2.3 fold compared to
mock-treated control as measured by gPCR and colony-forming units (CFU) assays.
Although the growth inhibition at 8 uM GaPPI1X treatment was slightly less compared to
axenic medium treated with the same amount of this molecule, C. burnetii was found to

be susceptible to GaPPIX-mediated growth inhibition.
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Figure 2. GaPPIX inhibits C. burnetii growth within macrophages. At 72h post-
treatment with GaPPIX, bacterial growth within THP-1 cells was quantified using (A)
gPCR and (B) CFU assays. Intracellular bacterial growth is shown as mean fold difference
(x SE) compared to control (no GaPPIX) on x-axes, and y-axes show the concentrations of
GaPPIX used in the assays. Statistical significance was analyzed using one-way ANOVA

followed by Dunnett's test (*p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001; n = 3).
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GaPPIX is not cytotoxic to macrophages

A cytotoxicity assay was conducted to determine whether GaPPIX-mediated growth
inhibition was due to a toxic effect of GaPPIX on the macrophages themselves. This assay
quantifies the extracellular lactate dehydrogenase (LDH) released by cells upon damage to
the plasma membrane. THP-1 cells were treated with various concentrations of GaPPIX
for 24 h, and the levels of released LDH in supernatants was measured. GaPPIX at
concentrations of 8, 32, and 128 uM did not significantly reduce the cellular viability of
THP-1 cells compared to mock-treated controls. Exposure to 512 uM concentration of
GaPPIX was found to be cytotoxic to THP-1 cells indicating that at least a 128 uM

concentration of this heme-analogue can be tolerated by the cells.
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Figure 3. Cytotoxicity assessment of GaPPI1X. At 24h post-GaPPIX treatment of THP-1
cells, lactate dehydrogenase (LDH) activity was determined by measuring the level of
resorufin formation using an LDH cytotoxicity assay. The cytotoxicity was reported as the
percentage LDH released compared to the maximum LDH activity. Data shown as the
mean percentage LDH released (£ SEM). Statistical significance was analyzed using one-

way ANOVA followed by Dunnett's test (*p < 0.05, n = 3).
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DISCUSSION

Iron is an essential micronutrient to virtually most organisms, including bacteria.
However, access to free iron inside the host is a challenging endeavor faced by
intracellular bacterial pathogens as free iron is typically bound to heme or other iron-
binding proteins such as transferrin or lactoferrin (22). Pathogens have evolved several
mechanisms to obtain iron from their hosts, including (a) high-affinity iron chelators or
siderophores, (b) iron transport systems, (c) direct uptake of heme and other bound forms
of host iron, (d) expressing the iron acquisition receptors of host iron-containing proteins,
and (e) inducing ferritinophagy, a selective form of autophagy causing ferritin

degradation to increase the cellular labile iron pool (4, 22, 23).

The iron acquisition strategies in C. burnetii are not well elucidated as it does not
contain any known siderophore and transporter for ferric ions or iron-containing
molecules such as heme (11). But the presence of the genes encoding ferrous iron uptake
transporter FeoOAB in C. burnetii suggests that this pathogen can import ferrous iron
released from host iron-containing proteins under acidic conditions that can contribute to
the bacterial heme biosynthesis (12). Indeed, C. burnetii replication is supported by iron-
containing proteins such as hemoglobin, ferritin, and transferrin in the axenic medium

(11).

Ga-based compounds target bacterial iron metabolism in a “Trojan horse” type of
approach (24). Ga(lll) inhibits bacterial growth because it binds to biological complexes
that typically bind to Fe(l11). However, under physiological conditions, Ga(lll) is not

reduced to Ga(ll), thereby disrupting essential redox-driven biological processes (15).
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Therefore, to test the C. burnetii’s dependence on perturbing the functions of heme-
containing proteins, we exposed the bacterium to GaPPIX, a Ga(lll) complex of
protoporphyrin IX. We chose GaPPIX over other gallium-based formulations because it
could replace heme in cytochromes and other heme-containing enzymes, is known to be
bactericidal, and is not toxic to primary human fibroblasts and established cell lines (9,
21, 25). This heme analog was found to be very effective at inhibiting both axenic and
intracellular growth of C. burneti in a dose-dependent manner without causing
cytotoxicity to the host cells at concentrations that inhibit bacterial growth. Although
GaPP1X is similar to heme, it is not known whether this similarly can also lead to

possible off-target effects due to the presence of host heme-binding proteins.

GaPPIX has been reported to use heme-uptake pathways (7, 12), but C. burnetii
lacks homologs of known heme transporters. Therefore, it is unclear whether it is the free
or protoporphyrin bound Ga that enters into this pathogen and inhibits its growth.
Further, a recent study on macrophages infected with Ehrlichia chaffeensis showed that
E. chaffeensis bacterium secretes an effector through type IV secretion system that binds
to ferritin and induces ferritinophagy, a process that results in an enhanced cellular labile
iron pool that could enhance bacterial proliferation (23). Whether C. burnetii secretes an
effector to induce iron or heme release from the host iron or heme-containing proteins is
unknown. Together, it can be speculated that treatment with GaPP1X may result in the
cytosolic release of Ga due to the acidic CCV (26). The released gallium thus may

potentially be transported inside the bacterial by the bacterial iron uptake transporter (12).
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In addition to the direct inhibition of intracellular pathogens through its Fe(l11)-
competitive activity, Ga can affect ribonucleotide reductase, mitochondrial activities,
ferritin and transferrin receptors, and promote anti-inflammatory activity in different
animal models (14, 18, 27). Encouragingly, a recent human trial showed that Ga could
improve lung function in people with cystic fibrosis and chronic Pseudomonas
aeruginosa lung infections, and that the molecule worked synergistically with other
antibiotics to inhibit bacterial growth (24). Gallium can result in impaired function of
ribonucleotide reductase, mitochondrial activities, and the regulation of ferritin and
transferrin receptors. Although further work is required to gauge its off-target effects and
impact on the human microbiome, Ga, which the FDA has approved for intravenous
administration, and its derivatives, such as GaPPIX, hold great promise as new

therapeutic tools against C. burnetii (28).

MATERIALS AND METHODS

Axenic susceptibility assay

A 10mM GaPPIX (Frontier Scientific) solution was prepared in dimethyl sulfoxide
(DMSOQO) and was stored at 4°C under dark conditions until further use. C. burnetii was
cultured in ACCM-2 for 2 days at 37°C, 5% CO; and 2.5% O, and ~2x107 genome
equivalents were resuspended in fresh ACCM-2 containing 0 nM, 125 nM, 250 nM, 500
nM, 1 mM, 2 mM, 4 mM, or 8 mM GaPPIX in 96-well black-bottom microplates
(Greiner Bio-One). Bacterial growth was measured using PicoGreen (Invitrogen) as

described previously (12).
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Intracellular susceptibility assay

THP-1 human monocytes (ATCC, TIB-202) were cultured in sterile RPMI-1640 medium
(Gibco) supplemented with 1 mM sodium pyruvate, 0.05 mM beta-mercaptoethanol, 1%
Pen-Strep, and 4500 mg/L glucose with 10% heat-inactivated fetal bovine serum (FBS) at
37°C, 5% CO; in 6-well tissue culture plates. Prior to infection, cells were differentiated
into macrophages by treating with 30 nM phorbol 12-myristate 13-acetate (PMA) for 24
h, followed by resting in PMA-free RPMI for 24 h. Infection of THP-1 cells with C.
burnetii was carried out using a 7 days bacterial culture at a multiplicity of infection of
25. After briefly washing the cells with PBS, the bacteria-containing medium was added
to each well and the plates were centrifuged at 25 x g for 10 minutes followed by
incubation at 37°C, 5% CO- for two hours. To remove extracellular bacteria, cells were
washed three times with PBS, and replaced with antibiotic-free RPMI and were incubated
for 48 h before treating with GaPPIX- (2 uM, 8 uM, and 32 uM) or DMSO- (as control)
containing media. After 72 h post-treatment, cells were washed three times with PBS and
intracellular bacterial load was measured.

To quantify intracellular bacteria using gPCR, cells were washed, and total DNA
was extracted using QIAamp DNA Mini Kit (Qiagen) according to the manufacturer’s
instructions. 70 ng of total DNA, measured by NanoDrop 2000 (Thermo Scientific), was
then subjected to gPCR using CBU_tRNA-Glu-2-specific primers and SYBR Green, as
described previously (12). Ct values were converted to the bacterial genome equivalents
(GE) using a standard curve, as described previously (12, 29). To validate the gPCR
results, we independently quantified intracellular bacteria by enumerating Colony-
forming units (CFU) (30, 31). Briefly, infected cells were washed and lysed in ice-cold
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water for 40 min at 4°C followed by repeated aspiration with a syringe carrying a 25G
needle to lyse the remaining cells. The suspension was centrifuged for 10 min at 70 x g
(4°C) followed by centrifugation of the supernatant for 1 min at 13,500 x g (4°C). The
pellet was resuspended in ACCM-2, serially diluted and was spot-plated on ACCM-2
containing 0.5 mM tryptophan and 0.5% agarose as described by Sanchez et al., 2018
(30). Plates were incubated for 10 days at 37°C, 5% CO», and 2.5% O before counting

the colonies.

Cytotoxicity assay

Cytotoxicity was determined by measuring the levels of released lactate dehydrogenase
(LDH) within supernatants using an LDH cytotoxicity assay kit (Invitrogen). In brief,
50,000 PMA-differentiated THP-1 cells per well were incubated in triplicate wells in a
clear 96-well plate. Following incubation, the cells were washed with PBS and treated
with GaPPIX (DMSO, 8, 32, 128, and 512uM) containing RPMI media supplemented
with 1% FBS. At 24h post-treatment, the LDH activity was determined using 50 puL each
sample medium in a 96-well flat-bottom plate by measuring the level of resorufin
formation (EX/Em = 560/590 nm) in Biotek synergy HT plate reader (Biotek, Winooski,
VT) according to the manufacturer’s instructions. The cytotoxicity was reported as the
percentage LDH detected compared to the maximum LDH activity in the fully lysed

cells.
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Chapter V. Discussion and future considerations

I. Summary

When challenged with pathogens, host alveolar macrophages typically attempt to control
the infection through a spectrum of defense processes, including induction of apoptosis,
autophagy, inflammatory response, and nutrients sequestration (1). In the last decade,
modulation of microRNAs (miRNAS), a critical component of host regulatory networks,
has emerged as an integral part of the host-pathogen interactions that can regulate
multiple host defensive or pathogen offensive processes (2). Previously, we have shown
that the expression of miRNAs gets perturbed in macrophages infected with C. burnetii,
an obligate intracellular bacterial pathogen (3). However, whether microRNAs have any
functional implication in host-C. burnetii interactions is undefined. In the present study, |
explored the contribution of miRNAs in C. burnetii infection. Further, | studied the
potential impact of inflammation and heme-acquisition strategies in C. burnetii-infected
alveolar macrophages.

My investigation of differentially expressed miRNAs and mRNAs in THP-1 cells
infected with NMII isolate of C. burnetii, from 8 hours to 5 days post-infection (dpi),
showed that this pathogen induces the expression of time-specific sets of host genes. The
highest magnitude of host response i.e., number of differentially expressed miRNAs and
MRNAs was observed at 3 dpi compared to other time points. It is likely that during later
stages of infection, developmental transitions of C. burnetii from its metabolically active
large cell variants (LCVs) into dormant small cell variants (SCVs) may induce stage-
specific sets of host genes (4, 5). Inverse expression pairing of miRNAs with their
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potential targets and pathway enrichment analysis of these targets suggests that miRNAs
modulation might be an integral host response to C. burnetii infection.

Pathway analysis of the targets of miRNAs showed that inhibition of apoptosis is
one among many processes that are likely under miRNA regulation. Like several other
intracellular pathogens, C. burnetii is known to antagonize host apoptosis induction, for
example, by activating Akt and recruiting Bcl-2 to the Coxiella-containing vacuole (6, 7).
Using a qRT-PCR based array, we found that at least 14 apoptosis-related miRNAs likely
contribute to apoptosis modulation in C. burnetii infection. Among these, C. burnetii
infection showed downregulation of miR-143-3p and upregulation of miR-146a-5p,
probably in response to the lipopolysaccharide (LPS) of C. burnetii, as found in other
studies with LPS-stimulated macrophages (8—12). Functional studies done by transfection
of miR-143-3p mimic on HelLa cells, show that this miRNA could promote apoptosis,
inhibit autophagy, and induce the production of pro-inflammatory cytokines. miR-143-3p
was observed to reduce the expression of pro-survival proteins such as Akt, Bcl-2,
ATP6V1A, and xCT, suggesting that the induction of these proteins is critical for C.
burnetii survival. Interestingly, we found that miR-143-3p mimic could significantly
inhibit the intracellular growth of C. burnetii compared to the control. Together, our data
show that miRNAs are an integral component of macrophage response to C. burnetii
infection, and inhibition of miR-143-3p expression during C. burnetii infection might
facilitate the pathogen’s intracellular growth.

The gene expression analysis in NMII-infected THP-1 cells showed the activation
of several inflammatory pathways inside the host. To understand the contribution of
inflammatory signaling in response to different isolates of C. burnetii, we compared the
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differentially expressed genes in primary human alveolar macrophages infected with
NMI, NMII, Dugway, or Graves isolates as mentioned in Chapter 111 (13). We showed
that infection with Dugway, an avirulent rodent isolate of C. burnetii, resulted in more
differentially regulated genes than human isolates (NMI, NMII, and Graves) in human
alveolar macrophages. Unlike avirulent isolates, virulent C. burnetii can escape or
antagonize the inflammatory response probably by LPS-mediated shielding of bacterial
surface proteins from the immune recognition or through its type 1V secretion system
(T4SS) effectors (14, 15). Therefore, it appears that avirulent C. burnetii Dugway isolate
fails to suppress the robust host inflammatory response and being a rodent isolate gets
promptly recognized by the human immune response (16).

Several pro-inflammatory and pro-survival pathways, including IL-17 signaling,
PI3K/Akt signaling, and autophagy were found to be activated in infected macrophages.
To understand the effect of IL-17 signaling on the inflammatory response to C. burnetii,
we performed a pathway reconstruction of this signaling pathway and found that several
genes that are downstream of IL-17 signaling (17) were consistently upregulated in C.
burnetii-infected macrophages. These genes include chemokines or cytokines (CCL3,
CCL4, CCL5, CXCL1, and IL1B) that can recruit immune cells or mount
proinflammatory host responses at the site of infection. Cytokine secretion assays
confirmed that these molecules were secreted into the culture medium at higher levels
than in uninfected macrophages. C. burnetii is known to antagonize the I1L-17 signaling
by reducing expression of IL1B, CCL5, and a few other genes through its T4SS effectors
(18). Therefore, it appears that despite the strong activation of host proinflammatory
response, including IL-17 signaling, C. burnetii can survive inside the macrophages by
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antagonizing or escaping from proinflammatory immune response. Interestingly, single-
cell investigation of inflammation-associated pathways suggests that C. burnetii infection
leads to a range of inflammatory states among the subpopulations of infected
macrophages, and some of these subpopulations seem relatively more hospitable for the
bacterial growth than others.

Lastly, iron sequestration is a well-known macrophage response against
intracellular pathogens (1, 19). Many intracellular pathogens rely on host iron-containing
proteins such as heme to promote their intracellular survival (20). Despite the limited
information available about C. burnetii’s iron or heme acquisition strategies, Chapter IV
explores C. burnetii’s dependence on heme by treating both axenically grown and
intracellular bacteria with gallium-protoporphyrin IX (GaPPIX) (21). This heme analog
can replace heme in heme-containing proteins such as cytochrome b (22). Although the
mechanism by which GaPP1X inhibits C. burnetii growth is not defined, these results
demonstrate that GaPP1X inhibits C. burnetii growth at very low concentrations without
compromising host cellular viability.

Collectively, these studies advance our understanding of host-C.
burnetii interactions. Chapter Il reveals that miRNAs, specifically miR-143-3p, have a
functional contribution in regulating the host response to C. burnetii infection. Chapter IlI
shows the impact of different C. burnetii isolates on host inflammatory responses and
suggests that some subpopulations of infected macrophages are likely more pathogen-
friendly than others. Chapter IV shows that GaPPIX, a heme-analog, inhibits C. burnetii
growth without compromising cellular viability. Together, these results could contribute

to developing novel miRNA or GaPPIX based therapeutic agents and could be applied to
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better understanding the virulence strategies of other intracellular pathogens such as
Mycobacterium tuberculosis, Legionella pneumophila, and Chlamydia trachomatis (23—

25).

Il. Future considerations

The present work points toward several future avenues in the study of host-Coxiella
interactions. The miRNAs identified in this study could potentially unveil a new area of
miRNA-based diagnosis and host-directed therapeutics in Q fever. Future investigations
to find whether and how the transfection of miR-143-3p mimic can regulate intracellular
growth of virulent C. burnetii in an animal model of Q fever would be helpful to enhance
our understanding of Coxiella’s pathogenesis. Further, our study shows a strong
upregulation of miR-146a-5p in the C. burnetii infected macrophages compared to the
uninfected cells. This miRNA is well known for its anti-inflammatory nature. To
investigate its function, we can transfect the macrophages with an inhibitor of miR-146a-
5p and assess its impact on inflammation and bacterial growth at different intervals after
infection. Such approaches might be helpful to understand how miR-146a-5p potentially
fine-tunes the host inflammation and could be beneficial to develop novel therapeutics
against acute and chronic C. burnetii infection.

Single-cell data suggest that some macrophage subpopulations are more
supportive of bacterial growth than others. By utilizing the antibodies against the antigens
of dormant (SCVs) or replicative (LCVs) variants of C. burnetii, we can assess how the
different intracellular state of this pathogen drives the heterogeneity in host immune
response. Moreover, GaPPIX, a heme analog, is predicted to interfere with heme-
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dependent proteins such as cytochrome b to impair bacterial metabolism. Using
inductively coupled plasma mass spectrometry (ICP-MS), the trafficking of total gallium
atoms can be measured in the different cellular parts of C. burnetii. This approach will be
helpful to further understand the molecules and processes associated with bacterial

growth inhibition.
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APPENDIX

Appendix A: Chapter Il Supplementary tables

Table S1. Differentially expressed miRNAs and mRNAs in NMII infected THP-1 derived
macrophages
File name: Table Il_S1.ods
File size (required software): 589 kb (Microsoft Excel)
Table S2. Inverse expression pairs of differentially expressed miRNAs and mRNAs
File name: Table I1_S2.ods
File size (required software): 522 kb (Microsoft Excel)
Table S3. List of enriched pathways that contain miRNAs-target genes
File name: Table 1l_S3.o0ds
File size (required software): 27 kb (Microsoft Excel)
Table S4. List of downregulated proteins that were identified by mass spectrometry in
miR-143-3p transfected HelLa cells
File name: Table Il_S4.ods
File size (required software): 55 kb (Microsoft Excel)
Table S5. List of primers used in this study
File name: Table I1_S5.0ds

File size (required software): 3 kb (Microsoft Excel)
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Appendix B: Chapter 111 Supplementary tables

Table S1. Differentially expressed genes in hAMs infected with different C. burnetii
isolates
File name: Table I11_S1.ods
File size (required software): 91 kb (Microsoft Excel)
Table S2. Differentially expressed genes in THP-1 cells infected with NMI 1 isolate
File name: Table I11_S2.o0ds
File size (required software): 389 kb (Microsoft Excel)
Table S3. List of enriched pathways in hAMs and THP-1 cells infected with C. burnetii
File name: Table I11_S3.o0ds
File size (required software): 36 kb (Microsoft Excel)
Table S4. Cytokine secretion assay in THP-1 cells
File name: Table I11_S4.o0ds
File size (required software): 6 kb (Microsoft Excel)
Table S5. Enriched pathways in infected, bystander and uninfected THP-1 cells
File name: Table I11_S5.0ds

File size (required software): 23 kb (Microsoft Excel)
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